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STREFTAVIDIN MUTANTS 

This invention was nuuie with United States Govenunent support under 
gnint number DE-FG02-93ER61656. awanted by the United States Department of 
5 Energy, and gnmt number CA39782. awanled bythe National Cancer Institute, and the 
United States Government has certain rights in the invention. 

ffrfnrtifr "^^ Reiawfi ATiPiicatiQns 

TWs patent appUcation is a continuation-in-part of United States patent 
. appUcation serial number 08/420,010. fded April 1 1 , 1995. and piovisional appUcation. 
10 serial number 60/003,687. filed September 18, 1995. 

1 Field of the Invention 

This invention telates to recombinant stieptavidin piotcins that bind 
biotin to recombinant streptavidin proteins having an altered, affinity for binding: biotm 
and to methods utilizing recombinant streptavidin pnneins. for the. detection: and 
isolation of targets. The invemion also relates to mtcleic acids encoding: recombmant 
streptavidin proteins and. to recombinant cells which- contain and. express protems 
encoded by these nucleic acids. 

2 Description of the Background 
Strepuivldin, and its functional homolog avidin have been extensively used 

in biological and medical science due in large part to their ability to spccificaUy bind 
biotin. Binding has a very high affinity, of about 10" M ', and is one of the strongest 
known non-covalent intemctions (N.M.Green. Methods Enzymol. 184:5-13,1990). This 
extraominary affinity, coupled with the ability of biotin and its derivatives to be 
incorporated easUy into various biological materials, endows strcptavidm-biotin systems 
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20 



25 



30 



with great versatility. 

Although avidin and streptavidin have almost: the same high affuuiy for 
biotin they are different in many other respects. IHe two pn,teins have different 
molecular weights. electn,phoretic mobilities and. overaU amino add. composiuon. 
Avidin is a glycoprotein found in egg whites and the tissues of birts, reptiles and 
amphibia. Like streptavidin. avidin has almost the same high affinity for biotin and 
exists as a tetramer with a molecular weight of between about 67.000 to about 68,000 
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daltons. Avidin also has a high isoelectric point of b^een about 10 to about lO.S and 
contaizis caibohydxates which cause it to bind non-specifically to biological materials 
including cell nuclei, nucleic acids and lectins. These non-specific interactions make 
avidin. less suitable than streptavidin for many plications. 
5 Biotin, also known as vitamin H or cis-hexahyd^>-2-oxo•lH-thieno-(3,4)- 

imidazole-4-pentanoic acid, is an essential, vitamin found in every living cell including 
bacteria and' yeast. .In. mammals, the tissues having the highest amounts of biotin are 
the- liver, kidney and pancreas. Biotin levels also tend to be raised in tumors and tumor 
cells. In addition to cells; biotin can be isolated from secretions such as milk which has 
10 a. fairiy high biotin content. Biotin has a. molecular weight of about 244 daltons, much 
lower than its binding partners avidin and strq[>tavidin. Biotin is also an enzyme 
cofactor of pyruvate carboxylase, trans-carboxylase, acetyl-CoA-cartioxylase and beta- 
methylcrotonyl-CoA carboxylase which together carboxylate a wide variety of substrates. 

Only the intact bicyclic ring of biotin is.required for the strong binding^ to 
15 streptavidin. The caiboxyl group of biotin' s pentanoic acid side chain has little to 
contribute to this interaction. Consequently, biotin derivatives, reactive to a variety of 
functional groups, can be prepared by modifying the pentanoic acid caitK>xyl group 
without significantly altering the target's physical characteristics or biological activity. 
This allows biotin to be conjugated to a number of target molecules. 
20 Streptavidin is produced by the bacteria, Streptomyces avidini, and exists 

as a. tetrameric protein having: four identical subunits. The full length streptavidin 
monomer is 159 amino acids in. length, some 30 residues longer than avidin. It con^ins 
no carbohydrate and has an acidic isoelectric point, of about 5.0 which accounts, m part, 
for the low non-specific binding level. Each subunit of strqnavidin is initially 
25 synthesized as a precursor of 18,000 daltons which forms a tetramer of about 75,000 
daltons. Secretion and post-secretory processing results in mature subunits having an 
apparent size^ of 14,000 daltons. Processing: occurs at both the; amino and carboxyl 
termini to produce a core protein of about 13,500 daltons, having about 125 to 127 
amino acids. This core streptavidin forms t^tramers and binds to biotin as efficientiy 
30 as natural streptavidin. The amino acid sequence of the mature 160 amino acid protein 
is as follows: 
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WsroSKAQVSAAEAGTTOTWYNQLGSTFIVTAGADGALT 
GTYESAVGNAESRYVLTCRYDSAPATOGSGTALGWTVAWK 
^^NYIWAHSATnVSGQYVGGAEAMNTQWIXTSGTrEANAW 
STLVGHDTFIKVKPSAASroAAKKAGVNNGNPIJDAVQQ-159^ ^ 

A naniial streptavidin tetramer is foimed by interdigitating a pair of 
streptavidin dimers with their dyad axes coincident (W.A. Hendrickson et al.,Pioc. Katl. 
Acad Sci USA 86:2190-94. 1989). A tetnuner is stabilized by iiumerous van der Waals 
forces with subunits fonning a symmetric dimer additionaUy comiected by hydrogen 
bonds near the: carboxyl teimimts. This force distribution within a tetramer indicates 
that there are two classes of subunit interfaces. One interface is between subumts m 
a stable symmetric dimer and the other is between: two stable dimers. When the 
dissociation of atetiamer occurs, it is likely that the interface between two stable doners 
would be first disrupted because this has lower stability than that between two subumts 
in a stable dimer. If such dissociation occurred, the resulting dimeric molecules should 
have much reduced affinity for biotin because of the lack of contacts made by Trp-120 
of an adjacent subunit to biotin through the dimer-dimer interface (A. ChUkoti et al. . 
Proc. Nad. Acad. Sci. USA 92:1754-58. 1995; T. Sano et al..Proc. NaU. Acad. Sci. USA 
92-3180-84, 1995). this might explain why the dissociation of biotin from streptavidin 
can be observed, even under relatively mUd conditions, despite the veiy high biotin- 

25 binding, affinity of streptavidin. 

The mature streptavidin tetramer binds one molecule of biotin per subunit 
and the complex, once formed, is unaffected by most extremes of Ph. organic solvents 
and denamring. conditions. Separation of streptavidu. ftom biotin requires haish 
conditions, such as 8 M guanidine. pH 1.5. or autoclaving. at 121 »C for 10 minutes. 

30 The advantages of streptavidin-biotin binding systems are numerous. The 

exceptionally high affinity and stability of the complex ensures complete reaction. 
Biotin's small size aUows it to be conjugated to most molecules with no loss in molecular 
activity. MultipUcity of biotinylation sites combined with the tetiameric structure of 



20 



PCT/US96/0S169 
WO 97/11 183 

4 

soeptavidin aUows for amplificaium of the desired signal. The system is extremely 
veisatile, as demonstrated by the laigc number of functional targets, binders and probes. 
The system is amenable to multiple labelling techniques, a wide variety of biotinylated 
agents and streptavidin-containing probes are commeiciaUy available: 
5 stieptavidin-biotin complexes are used in a number of diagnostic and 

purification technologies, In general, a target molecule to be purified or detected is 
bound either diiecttV to biotin or to a biotinylated intermediate. The binder may be 
ahnost any molecule or maciomolecule that wUl complex with or conjugate to a target 
moleciile. For example, r a particular antigen is the target, its binder would be an 
10 antibody. The biotinylated target is bound to streptavidin which may be bound to a 
probe for ease of detection. This basic technique is utilized in chromatography, 
cytochemistry, histochemistry, pathological probing, unmunoassays, bioaffmity sensors 
and cross-linking: agents, as weU as more specific techniques such as targeting, drug 
deUvery, flow cytometry and cytological probing. 
15 The origins of the unusuaUy high binding affmity seen in streptavidin- 

biotin complexes has not been fiiUy elucidated.. X-ray crystaUogiaphic studies have 
shown that streptavidin s cariwxyl and amino termini lie on the molecule's surface (P.C. 
Weber et al.. J. Am. Chem. Soc. 114:3197-200, 1992). These termini have been 
modified by cleavage or conjugation with a_ minimal effect on. biotin bindingr affinity. 
20 The streptavidin-biotin complex does not involve any covalent bonds, but 

does contain many hydrogen bonds, hydrophobic interactions and van der Waal 
interactions. THese interactions are largely mediated by the aromatic side chains of 
tryptophan. Two tryptophan-lysine pairs are conserved between streptavidin and avidm. 
Tliese pairs are . found at positions 79-80 and 120-121 in sticptavidin. Additional 
25 tryptophan residues in. streptavidin are found at positions 92. 108 and 120. 

Although participation of tryptophan residues in biotin-binding has been 
indicated, a quantitative understanding: of Trp-120's contribution to biotin-binding has 
not been reported. Streptavidin's sixtryptophan residues per subunit make conventional 
chemical modifications of any one specific tryptophan residue difficult a. simation 
30 exacerbated, by the tetrameric nature of streptavidin. The Trp-12G of one particular 
streptavidin subunit makes contaa witii tiie biotin bound to an adjacent subunit (A. 
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paUeretal..J.Biol.Chem. 262:13.933-37.lW. Tlris residue comads Uie alkyl moiety 
of biotin's pentanayl gn,up in an apparent hydniphobic intemction- Sueptavidin s 
subunit association is nuule tiglner upon biotin^binding (>4*«nc« in Biomagnenc 
Sepa^on, T. Sam, et ai., Ealon Publishing. Natick. MA, 1994). Because the contact 

5 made by Ttp-120 to the biotin of an adjacent subunit occur, thiough the dimer-duner 
inteifece. this residue possibly plays a key n,le in the- biotin-induced tighter associauon 
of streptavidin. However, because streptavidin's Tip-120 residue is adjacent to a lysme. 
both of which are conserved in avidin. lysme may also have a role in binding. Lysme 
is known to play a critical n>le in avidin-biotin complex formation. For example, when 

10 an avidm. lysine at positions 45. 94 or 111 is bound to a dinitrophenyl group, activity is 
aboUshed (^vufin-ao*. Cheminry: A Handbook . M.D. Savage et al.. editors, page 7. 
1992). 

Tip-120 may play a role in maintaining local structures of streptavidm. 
particularly around the biotin-binding sites and the dimer-dimer interface-. Strong 
15 hydrophobicrty is observed around Trp-120 and three other tryptophan residues <Trp-79. 
92 and 108) that make contact with biotin (P.C.Wdxjr et al.,Sci. 243:85-88, 1989; C.E. 
Anaram et al.. Nuc. Acids Res. 14:1871-82. 1986). In addition, hydrophobic 
interactions are the major foree for the stable association of die two symmetnc 
streptavidin dimers. Changes in local environment caused by the mutation of Trp-120 
20 could prevent, the molecule from folding correctty. resutting in diminished biotm-bmdmg; 
abiUty. In fact, the conversion of some amino acid residues located around die dmier- 
dimer interface to hydrophilic amino acids causes the formation of insoluble aggregates, 
probably due to random inter-molecular interactions. 

Streptavidin's herculean afTuiity for biotin is unfortunately its major 
25 dtiwback. The stn^vidin-biotin binding system is essentially irreversible. The 
streptavidin-biotin bond, is not affected by pH values between 2 to 13, nor by guamdme- 
HCl concentmtions up to 8 M (neutral pH). The half-life for spontaneous dissociauon 
of the streptavidm-biotin bond is about 2.5 years The extremely strong bindmg of 
biotin to streptavidin means that biotinylated. proteins can only be recovered from 
30 streptavidin supports under denaturing conditions. This sort of system is inappropriate 
for many procedures such as. one of its principal uses, the purification of delicate 
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pioteiiis. Streptavidui-biotin cannot be used. in secpientiai assays to detect specific types 
of biomolecules, macromoiecular' complexes, vinises or cells present in a single sample. 
The higb aifmity necessitates the userof haish chemical reagents, complex: pioceduies, 
and careful monitoring of the reactions. TUs also limits both yields and the ability to 
S fiilly automate such reactions; 

A number of methods have been cteveloped in an attempt to create a 
releasible streptavidin^biotin or avidin-biotin conjugate. These methods include partly 
monomeric avidin beads, N-hydxoxysuccinimide-iminobiotin and biotin or streptavidin 
. cleavage. 

10 Monomeric avidin beads are formed by denaturing t^rameric avidin and 

coupling the denatured protein to chromatography beads. Thus, the so-caDed 
monomeric avidin is really a mixture of monomeric , dimeric and tetrameric proteins that 
have a binding affinity distributed, between the- wild type affihity of 10" M:" and the 
reduced affinity of lO'M''. Thus, monomeric avidin: beads produce low yields because 

IS some of the biotinylated products are irreversibly bound. Fiirthennore, the density and. 
capacity of monomeric avidin beads is low. 

N-hydroxysuccinimide-iminobiotin (NHS-iminobiotin) is a giianido analog 
of NHS-biotin with a pH sensitive binding affinity for streptavidin. The complete 
dissociation: of NHS-iminobiotin from streptavidin occurs at low pH without' the need. 

20 for strong denaturants. The drawback! to the NHS-iminobiotin . system is that binding 
requires a pH of 9.S or greater; while release- requires a pH of less than 4. Thus; the 
use- of NHS-iminobiotin is limited to those few molecules which are^ stable over a wide 
pH range.. 

One method used to dissociate the strq>tavidin-biotin bond involves 
25 proteinase K digestion of strq>tavidin (M. Wilchek et al., Anal. Biochem. 171:1-32, 
1988). However, significant amounts of the streptavidin molecules remain attached even 
after proteinase K treatment. Proteinase^ K is useful only when the biotinylated prcxiuct 
does not comprise- proteins. Furthermore; this system precludes sequential assays or 
transfers: of target. 

30 Another method of release involves biotin cleavage of the binding 

partners, for example, of a cleavable biotin such as inununopure NHS-SS-biotin which 
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iscon^exciaay av^lable (Pi«ce Chemical Co.;Roddb„i. IL). NHS-SS-t.otin ccn^ 

g^p that ^.ts sdecdvely with primary amines. Usmg th« group NHS-SS b.oun. 
^ a t-^ molecule ^ the biotin pottion «mov«i by th,ol cleavage, 
5 complex approach is slow and of limited «se since thiols normaUy disrupt native proteu, 
disuL bonds.. Furthermore, cleavage leaves a reactive sulfhydryl group that tends to 
^ with other components of the mixmre. Also, thiol-comainihg nucleic acids wUi no 
longer hybridize, severely limiting their usefulness. 
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^'"■"nti^rv ^hft Invention. . 

n,e invention overcomes the problems and disadvantages assocmted with 

current strategies and designs and provides streptavidin proteins and peptides w„h 
increased stability and reduced or enhanced affmity for biotin. and methods for utihzmg 
these streptavidin in detection. identiAcation, isolation and purification techmques. 

One embodiment of the invention is directed to streptavidin pmtems and 
15 peptides with increased stability in solution a«, an altered affinity for biodn. Stable 
- streptavidin proteins bind to at least about O.Smolecules of biotin per subumt m^6 M 
guanidine hydn>chloride at pH 7.4. Proteins may be comprised of two or four chams 
of streptavidin peptides comprised of at least abom the amim, acid sequence of 
streptavidin from about positions 13 to 139. 14 to 138 or 16 to 133. H^se: protem are 
20 soluble in up to 809fr ethanol and most concewrations of ammomum sulfate. 

Another embodiment of the invention is directed to streptavidin protems 
comprised of at least most of the sequences of streptavidin from about position 21 to 
130 niese. proteins may also contain a subsdcution of lysine, aspartic acid or cysteme 
for hisddine at position 127, a deletion of positions 1 13 to 120. or the addition of one 
25 or more cysteines to the amino or cartK«yl terminus of the protein. Proteins foxm 
dimei. and tetramers which may combine into homotetramers or heteiotetramers. 
Streptavidm pnnems may also be crosslinked forming more stable tetramers wtach may 
have a reduced or increased affinity for biotin. 

Another embodiment of the invention is directed to streptavidin protem 
30 which comprise an amino acid sequence of streptavidm wherein the proteins have an 
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increased bi<rtiii-biiiding affmity. Protdns compzise at least most of the amino acid 
sequence of sireptavidin from positions 21 to 130 with a cysteine, lysine or aspaitic acid 
at position 127. Biotin binding of the recombinant proteins is greater than about 10" 
M '. Recombinants proteins may be coupled to solid supports or free in aqueous 
5 solutions. 

Another embodiment of the invention is directed to streptavidin protein 
which comprise ah amino acid sequence of streptavidin wherein the proteins have a 
reduced biotin-binding affinity.. Proteins comprise at^least most of the amino acid 
sequence of str^tavidin from positions 21 to 130 with a phenylalanine at position 120 
or a deletion, of the amino acid sequence from positions 113 to 120. Biotin binding of 
the recombinant proteins is less than about 10'^ M *. Recombinants proteins may be 
coupled, to solid supports or free in aqueous solutions. 

Another embodiment of the invention is directed to nucleic acids which 
encode streptavidin proteins of the invention. Recombinant nucleic acids may be 
15 encoded within plasmids and. replicated, chemically synthesized, or transformed into 
eukaryotic cells. 

Another embodiment of the invention is ctirected to cells which comprise 
nucleic acids that encode streptavidin proteins of the invention. CeUs may be 
prokaryotic or eukaryotic and may cbnstitutively or inducible- express recombinant 
20 streptavidin. protein. 

Another embodiment of the invention is directed to methods for detecting 
or purifying a target from a heterogenous mbcture which contains the- target. The target 
to be purified is biotinylated. with biotin or derivative of biotin and : contacted to a 
suppon to which is attached, a streptavidin protein of the invention. The components 
25 of the heterogenous mixture can be removed and the target isolated. Alternatively, 
target may be coupled with streptavidin and the support coupled with biotin. The target 
can be purified after contact with the support. 

Another embodiment of the invention isdireacd to methods for targeting 
a. pharmaceutical, agent to ^. cell wherein the agent is coupled to a streptavidin of the 
30 invention and. the cell contains biotin. Such methods can be used to treat or prevent 
disorders such as infections and neoplasms. 
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Aaother embodiment of the invention isdim«d to kits which contain a 
streptavidin pn,tei« of the invention and, optionatty. additional, reagents for the 
d^ection or isolation of taxget substances. 

Other embodiments and advantages of the invention are set forth, in part. 
5 in the description which follows and. in part; will be obvious from this description and 
may be leanied fnmi ttie practice of the invention. 

Tv^ ^prion rtf Drawings 

Figure 1 schematic of expression vector for a streptavidin mutant with a reduced 
binding affmity. 

10 Figure 2 SDS gel of electrophoresis patter, observed from (A) expression vector 
pTSA-38; and (B) purified pTSA-38 expression product.. 
Figun: 3 Local structures around the biotin-binding site of (A) natural stn^ptavidin 

and (B) reduced-affinity streptavidin protein. 
Figure 4. Graph showing release of biotin fn,m reduced-affinity stiepuividin pn,tein 
j5 in relation to increased amounts of added free biotin. 

Figure 5 Effects of biotin binding on subumt association. 

Figure 6 Schematic iUustiation of tiie strticmres of four streptavidin comaructs. 
Figure 7 SDS-PAGE/Coomassie brilliant blue analysis of purified core 

str^tavidins. 

20 Figure 8 Core streptavidins solubility characteristics wiUi and witi«,ut biotin in 
varying amounts of (A) ammonium sulfate without biotin, (B) ammomum 
sulfate with biotin, (C) ethanol without biotin. and (D) ethanol with 
biotin. 

Figure 9 Two similar experiments (A and B) comparing the stability of three core 
25 stiepuvidin proteins against, denamration by guanidine hydrochloride. 

Figure 10 Ability of core streptavidins to bind biotinylatcd DNA. 

Figure 11 Expression of strepuvidm mutants Stv-C127, Stv-D127 and Stv-K127. 

Figure 12 SDS-PAGE analysis of disulfide bond formation in Stv-C127. 

Figure 13 SDS-PAGE analysis of crossUnking of Stv-C127 witii 1.3-dibn>moacetone. 

30 Figure 14- SDS-PAGE analysis of natural core stnqrtavidin. Stv-K127 and Stv-DK127. 
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Figure 15 SDS-PAGE analysis of Stv-K127 and Stv-DK127 before and afte* cross 
linking. 

Figure 16 SDS-PAGE analysis of the thennal stability of streptavidin proteins (A) 
natural Stv. (B) Stv-C127, (Q Stv-C127 cross-linked, (D) Stv-DK127, and 
5 (E) Stv-DK127 crossriinked. 

Figure 17 Comparative summary of the: thermal, stability of streptavidin proteins 
with iiiter^subunit crosslinks by SDS-PAGE analysis. 

Figure 18 Comparative summary of the theraaal stability of streptavidin proteins 
with inter-subunit crosslinks by biotin binding, assays. 

10 nescription of the Invention 

As embodied and broadly described herein, the present invention is 
directed to streptavidin proteins, and peptides, to nucleic acid sequences which encode 
these strcptavidins, to recombimnt ceils which contain these sequences, to methods for 
detecting and isolating small molecules, macromolecules and cells with streptavidin and 
15 to kits which contain, streptavidin proteins and peptides. 

The streptavidin-biotin binding system is an established fixture in biology 
due, at least in part, to the ability of str^vidin to non-covalently interact with biotin. 
This association is highly specific and quite strong with a binding: constant of greater 
than 10'^ M ". However, it is precisely this extremely tight binding which limits the 
20 usefulness of conventional strcptavidin-biotin systems. Although molecules and cells can 
be isolated, from complex mixtures, removal of one or the other of the binding partners 
is nearly impossible.^ Dissociation, can only be accomplished under very harsh conditions 
such as 6-8 M guanidine-HCl, pH 1.5. Not surprisingly, such conditions also denature, 
and ther*y inactivate or destroy most target biological substances. 
25 It. has been discovered that streptavidin protein can be mutated in various 

ways to achieve^ a product that possesses altered physical parameters such as altered 
physical stability or^ an increased or decreased affinity for biotin. One such type of 
str^navidin protein contains a stabilized tetrameric protein. Stabilized streptavidin 
proteins have increased stability compared to normal, wild-type strq9tavidin while 
30 possessing a complete or even enhanced wild-type biotin-binding ability. These 
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soeptavidin proteins expand the wdl-known utility of stieptavidin in deteciion. 
identification, sepanuion and. isolation technologies, and also allow for the use of 
streptavidin proteins in medical and other phannaceutical pnKedures. 

One embodinient of the invention is directed to sticptavidin proteins 
5 having a greater stability than normal. wUd-type streptavidin. Most substitutions, 
deletions or additions of amino acids in the 159 amino acid sequence of streptavidin are 
unstable. The resulting, streptavidin protein is improperly folded or simply unable to 
fold forming aggregates that precipitate out of solution. Often, the protein is also 
unable^ to efficienUy bind biotin. Surprisingly, a few mutations were discovered that are 
more stabl<^ than natural streptavidin. Increased stability indicates that the protein 
naains biotin under harsher conditions (e.g. increased temperamres and/or 
concentrations of denaturing agents), than wUd-type streptavidin. Many of these stable 
streptavidin proteins are also substantiaUy sohible in aqueous and odier soluuons. 
Substantial solubility indicates that the protein is nearly or as sotable as wUd-type 
15 streptavidin in solutions such as. for example, ammonium sulfate at most concentrations 

and in up to 80% ethanol. 

Many stable streptevidin proteins also remain associated with biotin under 
conditions which would cause dissociation of biotin from wild-type streptavidin. For 
example, cort^ streptavidin peptides of tiie invention form macromotecules of protein 
that have a higher affinity for biotin than namnU streptavidin or even natural core 
streptavidin (containing tiie amino acid sequence of streptavidin from posUions 13 to 
139). Natural core binds to about 0.94to about 0.96molecules of biotin per subunit of 
streptavidin and pH 7.4- At 6 M guanidine hydrochloride. pH 7.4, fuU-length and natural 
core streptavidin show about a 20% reduction in biotin binding (about 0.768 molecules 
25 biotin per subunit). At 4 M guanidine hydrochloride, pH l.S.tiiese same proteins show 
about a 15% reduction in biotin-binding affinity (about 0.826 molecules biotin per 
subunit). In contrast. Stv- 13. a. core streptavidin peptide (containing die amino acid 
sequence- from 16 to 133) tiiat forms tetrameric protein, shows no significant reduction 
in biotin-binding. This stability may be due to die absence of two charged residues from 
the core (Glu 14- and Lys 134) as weU as two polar residues (Ser 136 and Ser 139). 
Furthermore, at 6 M guanidine hydrochloride, pH. 1.5, natoral core retains only about 
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20% of its normal biodn-binding capability whereas Stv-13 retains over about 80%. 
Pi^eiably, stable streptavidin proteins bind to at least about 0.80 molecules of biotin 
per subunit at 6 M guanidine; pH 7.4, and more preferably at least about 0.9 molecules 
of biotin per subunit at 6 M guanidine, pH 7.4. It is also preferable that stable proteins 
5 bind to O.Smolccules of biotin per subunit at 6 M guanidine, pH 7.4,and 0.7molecules 
of biotin per subunit at 6 M guanidine, pH 7.4. This enhanced binding to biotin may 
be due to the lack of steric hinderance caused by the presence of the amino and/or 
caiboxyl terminal sequences. Neither of these sequences appear to be necessary for 
binding, but in fact may have in some way interfered with bioOn binding. 
10 Streptavidin proteins of the invention may have an increased solubility in 

aqueous solutions. A streptavidin peptide comprising at: least most of the amino acid 
sequence of sti^tavidin from about positions 21 to 130 with a deletion of the sequence 
from about positions 113 to 120 is both more stable and more sohible in aqueous 
solutions as compared to wild-type streptavidin. StrqTtavidin proteins containing the 
15 deletion of residues 113 to 120. also can form streptavidin dimers in: solution. These 
dimcrs can foim both homotetramers with other similar dimers, other heterot^amers 
with other streptavidin protein chains. Hybrid proteins have increased stability and an 
altered affinity for biotin. 

Another sti«ptavidin protein of the invention contains one or more 
20 cysteine residues attached to a terminus of the protein. The cysteine stretch preferably 
comprises 2, 3, 4, 5 or more, and more preferably 5 cysteine residues. The resulting 
protein- chain can form dimers, trimers and tetramers in solution, or multiraers with 
other streptavidin chains (hybrids). These proteins also have a reduced affinity for- 
biotin. Streptavidin proteins with cysteine tails can be conjugated to other thiol groups, 
25 such as on a thiolated surface, to facilitate binding to the surface. 

Another embodiment of the invention is duected to streptavidin proteins 
comprising at least most of the amino acid sequence of streptavidin from positions 21 
to 130 wherein position 127 has been substituted, with a lysine or an aspartic acid. 
Streptavidin proteins may consist: of two or four subunits, or peptide chains, that form 
30 one or two domains, respectively. Chains may be full4ength streptavidin or core 
streptavidin peptides consisting essentiaUy of at least most of the amino acid sequence 
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Of strepavidin ftum position 13 to 139. 14 to 138 or 16 to 133. THese dimeric and 
tetnuBcric pioteins aie very stable and may have an increased or stn,nger affuuty for 

biotin than natutai strqitavidin. 

For example, hybrid tetiameric stieptavidin proteins containing four core 
5 streptavidin peptides, two with aspartic acid and two with lysine at position 127, main 
biotin more strongly than namral biotin under hard, conditions. Experiments show thai 
at increased temperatures, both wUd-type and natural core streptavidin loose biotm 
binding ability more quickly with increased temperatures. These streptavidin protein 
retains greater than about 90% of bound biotin at 60 "C, preferably greater than about 
10 80% of bound biotin at 60-C, and more preferably greater than about 50% of bound 
biotin at 80«C. Streptavidin protein with increased affinity for biotin may have a 
binding affinity of greater than about lO'^M ' or about. 10 -M '. preferably greater than 
about lO'^M ', and more preferably greater than about 10" M '. 

Another embodiment; of the invention is a. streptavidin peptide wherein 
15 the histidine at position 127 is replaced with a cysteine. Streptavidin protein comprising 
these peptide chains can form reversible and irreversibly cioss.lined teiramers m 
solution. Cysteine resides can be covalently linked by treating the streptavidin protein 
with an oxidizing agent, such as hydrogen peroxide, or by removing reducing agents such 
as 2-mercaptoethanol or DTT. A very high percentage of sulfhydryl bonds are cross- 
20 linked (greater than about 90%) forming a stable tetramer. Disulfide bonds can also 
be reduced by adding reducing agents making the process ftiUy reversible in both 
directions. Alternatively, sulfhydryl bonds can be irreversible cross-linked by treating 
the protein with a cross-linking agem such as 1 .3-dibromoacetone. The resulting cross- 
linked streptavidin tetiamer is more stable than wild-type streptavidin with an increased 

25 affinity for biotin. 

Another embodiment of the invention is directed to streptavidm proteins 
which are subjected, to a cross-linking agent. Cross-linking can occur within and 
between subunits and doiriains. Surprisingly, it has been detennined that domain 
stability direcUy correlates with biotin binding. Streptavidin proteins with increased 

30 domain-domain stability also have an increased affinity for biotin. These stable 
tetiameric streptavidin proteins can be formed by treating streptavidin oftiie invention 
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with a cross-iinking agent, such as 1,3-dibroinoaoetoiie; bissulfo(siicciiiin]idyl)suberate, 
dimethyladipimidatc, disuccinimidyi glutarate, n-hydroxy-succinimidyl 23- 
dibromopropionate or* l-ethyl-3-PKdini^yIamino)propyq- caibodiiniid&. Preferably, 
the cxoss-linking agent is an ainino-specific, homobifuoctional cross-linker. 
5 Strcptavidin proteins which can cross-link: include, for example, 

streptavidins containing a cy^ine residue at position 127. These residues can be 
irreversibly cross-linked. by treatment with; for example, 1,3-dibromoacetone. Other 
examples of strqjtavidins of Uie invention include heterotetramers such as proteins 
having chains with lysine and. aspartic acid residues at position 127. The resulting 
10 streptavidin tetiamer protein has increased stability and retains more biotin than wild- 
type streptavidin under harsh conditions such as increased temperature. This would be 
very useful in binding studies that require high tempeiacure interactions. 

Another embodiment of the invention is directed to a reduced-aiTinity 
streptavidin: protein. This* protein has a substantially lower binding constant, for biotin 
15 than wild-type streptavidin and comprises- an amino acid, sequnce of streptavidin 
containing: one or more deletions, inseitions, point mutations or combinations of these 
genetic alterations that alter, but' maintain the biotin-binding: site. The peptide sequence 
may be a iiill length streptavidin or an amino acid sequence* substantially equivalent to 
streptavidin. - A protein substantially equivalent to strcptavidin- incluctes a core 
20 str^tavidin- having the wild-type streptavidin amino acids from about positions 13 to 
140, or a reduced-core streptavidin having the wild type streptavidin amino acids from 
about positions 16 to 133. Other amino acids of streptavidin may be changed without 
altering, the defining characteristic of the reduced-affinity streptavidin. 

The streptavidin amino acid sequence of the reduced-affinity protein of 
25 the invention may be continuous or fragmented such as, for example, when the protein 
contains point, mutations. Preferably, the protein comprises an amino acid sequence 
which largely corresponds to the core region of wild-type streptavidin. In the reduced- 
affinity protein, this region also contains the substitutions or deletion that confer 
reduced affinity. 

30 One- type of reduced-affinity strq>tavidin protein comprises a core 

sequence of streptavidin- protein wherein one or more of the residues between about 
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position 79 to about position 120 has been substituted or deleted. Within tbis region 
are four tryptophans of position 79, 92, 108 and 120. and two tiTPtophan-lysine pairs 
(79-80 and 120-121). These sites aie extremely hydrophobic and contribute to the biotin 
bindfaig site. Substitotion of. for example, one or more of the tryptophan or lysine 

5 residues (or paiis) with an amino acid which is still hydrophobic, but less hydrophobic 
than tryptophan or lysine, respectively, reduces the affinity of this protein for biotin 
without destroying the binding site altogedier. Amino acids which may be substituted 
for tryptophan or lysine- include methionine, proline, isoleucine, leucine, valine, alanine, 
glycine, lysine (for tryptophan), phenylalanine, and derivatives and modifications of these 

10 amino acids (e.g.beta-alanine, N-ethylglycine, 3-hydroxyproline, 4-hydnjxyproline, allo- 
isoleucine, N-methylglycine, N-methylisoleucine, N-methylvaline. norleucine or 
norvaline). Preferably, the reduced-affinity strcptavidin protein comprises a 
phenylalanine, phenylalanine derivative (e.g.4-amino-phenylalanine) or a phenylalanine 
modification (e.g.methylation) at position 79,92. 108 or 120. and preferably at positions 

15 79 and 120. 

Reducedraffmity sti^tavidin protein of the invention has a affinity for 
biotin of substantially less than wUdrtype streptavidin or streptavidin core protein. The 
affuiity of these proteins may be less than about lO'^M ', preferably less than about 10'° 
M '. more preferably less than about 10»M;'. and even more preferably about 10* M '. 
20 The lower limit, of affinity is sUghtty greater than non-specific buiding which can occur 
at about ld*M-'orabour lO'M '. 

Another embodiment of the invention is directed to streptavidin proteins 
whose attachment to biotin can be disrupted more easUy than the wUd-type streptavidin- 
biotin bond. The streptavidin-biotin bond involving streptavidin proteins of the 
25 invention may be disrupted through the addition of fairly low concentration of biotin or 
biotin derivatives (biotin analogs) or modifications. The concentration of biotin which 
can be used to disrupt the streptavidin-biotin bond using streptavidin proteins of the 
invention is between about 0.1 mM to about 10 mM or, preferably, between about 0.3 
mM to about 2 mM. In addition, elution may be performed in a high pH (e.g. 100 mM 
30 triethylaminc, pH 11.5; 100 mM phosphate, pH 12.5),in a low pH (e.g. 100 mM glycme 
pH 4; 100 mM glycine pH 2.5; 100 mM glycine pH 1.8). in high salt (e.g.5 M LiCl, 10 
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mM phoqdiate, pH 7.2; 3.SM MgCl,, 10 mM phosphate pH 7.2), or in the presence of 
tonic deteigems {e:gA% SDS; 1% DOC), dissociating agnts (e;£.2 M urea; 8M urea; 
2M guanidine HCl), chaotropic agents (e.;.3 M thiocyanate), oiganic solvents (e.g. 10% 
dioxane; 50% ^ylne glycol, pH ll.S;SO% Xylene glycol«pH 8), protease (protease 

S K) or water; This type of versatility is a great advantage when utilizing conventiona] 
strqitavidin-biotin. detection or isolation procedures. Proteins arc- not destroyed, and 
ceils remain viable even after biotin has been removed. 

Another embodiment of the invention is directed to str^tavidin proteins 
bound to a solid support, for example, to facilitate detection and isolation procedures. 

10 Typical solid supports include the surfaces of plastic, glass, ceramics, silicone or metal. 
These components may be found in detection kits, biological sample analysis devices and 
environmental sampling aids. Particularly useful types of such components include 
beads (magnetic beads; Dynal), nibes, chips, resins, gels, membranes (e.g, porous 
membranes), monolayers, plates, wells, films, sticks or combinations of the surfaces. 

IS Solid supports also include hydrogels which may be made of a- variety of polymers such 
as acrylamide and hydroxyapatite, or biomolecules such as dextran, cellulose or agarose. 

Binding, of streptavidin to surfaces may be accomplished in several ways. . 
A solid suppoit may be derivatized with a moiety which can form a covalmt bond with 
streptavidin, avidih or biotin. Alternatively many commercially available suffices may 

20 be used to couple strqitavidin, avidin or biotin. Example of such surfaces include 
agarose, cross linked agarose, acrylamide, agarose and acrylamide combinations, 
polyacryUc, cellulose, nitrocellulose membranes, nylon membranes, silicon and metal. 
These surfaces may be further modified to contain a carboxyl or other reactive group 
for crosslinking. Reagents suitable for crosslinking to solid surfaces include cyanogen 

25 bromide, carbonyldiimidazole, glutaraldehyde, hydroxysuccinimide and tosyl chloride. 

One type of streptavidin which may be used to facilitate coupling to a solid 
support is composed of a core streptavidin containing a plurality of cysteines at the 
protein's amino or carboxyl terminus, and preferably the cartK>xyl terminus. The 
cysteines facilitate binding to, for example, a thiolated support. 

30 Streptavidin proteins of the invention may also be coupled to a biological 

agent* such as an antibody, an antigen, a hormone, a cytokine, a ceU or a pharmaceutical 
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agent (for in vivo use). Cells may be eukaryotic such as mammalian cells, piokaryotic 
such as bacterial cells, insea cells, paiasitic cells, fungal cells or yeast cells. Coupling 
nuiy be thnmgh electiostatic interaction or by covalent modification of one or both 
coupling partners. Covalent modifications are fairly stable when, for example, the 
5 coupled agent is subjected to the a biological em^iiomnent such as occurs on 
administration to a host such as a mammal. 

Another embodiment of the invention is directed to nucleic acids which 
encode a streptavidin protein or peptide of the invention. Such nucleic adds may 
further comprise transcription or tianslational control regions to regulate transcription. 
10 translation or secretion of the recombinant protein. Control sequences can also be 
introduced to provide inducible expression. TTiis is very useful as streptavidin is 
somewhat harmful to most ceUs. Recombinant nucleic acids may be introduced into 
bacterial cells, for example, by transformation, or into mammalian cells, for example, 
by tnmsfectiorr. Recombinant cells can be used to produce bne: quantities of 
15 recombinant protein as needed or to provide a contimrous source of recombinant 
streptavidin to a biological system. Recombinant cells which can support the expression 
of streptavidin proteins or peptides on the invention include eukaryotic cells such as 
mammalian and yeast cells and prokarydtic cells such as bacteria. 

In conventional sireptavidin-biotin systems, there are many methods for 
20 detecting or purifying a given target.. For example, the target may be directly 
bipanylated and complexed with the reduced substrate affinity streptavidin. 
Alternatively a binder that complexes with the target may be the biotinylated 
component. There may. in fact, be more than one binder involved in a given system. 
The detectable: probe may be bound to the streptavidin and the system may involve 
25 more than one detectable probe. Both the target and the support may be biotinylated, 
and the two are complexed together with the reduced substrate affinity streptavidin. 
Many permutations are made possible by the variety of targets, binders and probes. 

Another embodiment of the invention is. directed to a method for 
detecting or purifying a. target, from a heterogeneous murture which contains target. The 
30 target is biotinylated using biotin or a biotin derivative or modification appropriate for 
the target. Targets may be nearly any substance such as biological or inorganic 
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snbstanoes. Biological stibstanoes include pioteiiis and. protein pxecuxsois, nucleic acids 
(DNA, RNA, PNA, aptomers) and nucleic acid precursors (nucleosides and nucleotides), 
caitxiliydiates, lipids such as lipid, vesicles, cells, biological samples and phannacoiticals. 
Typical proteins which are detectable in conventional strq)tavidicA>iotin systems, and 
5 useiiil herein, include cytokines, hormones, surface receptors, antigens, antibodies, 
enzymes, growth factors, recombinant, proteins, toxins, and. fiagmons and combinations 
thereof. 

Subcellular components may also be purified by linking a ligand. with an 
affinity to the component, to a str^tavidin of the invention. Protems which can be 
purified include cell adhesion molecules, antibody antigens, rec^tors ligands and 
antibodies. Specific affinity adsorbent moieties, such as wheat germ agglutinant, anti- 
idiotypic antibodies and dye- ligands may be- coupled to streptavidin to isolate 
glycosylated proteins such as SPl - transcnption factor; dye binding: proteins such as 
pyruvate kinase and liver alcohol dehydrogenase, and other antibodies. Using this 
method, cellular and subcellular organelles may be rapidly purified using specific 
antibodies. 

The heterogenous mixture is contacted to the reduced-afRhity str^tavidin 
which, may be fixed to a surface, of a suppoxt of free in solution. Mixture is removed or 
the support removed from: the mixture and the target purified. Alternatively, target may 
her coupled, to strqptavidin and biotin attached, to the- support. In either sitiiation, the 
result is the same. However, using reduced-affinity stn^tavidin coupled to target, target 
may isolated free of any biotin. 

AltCToatively, when it is not as important to sq>arate strqptavidin or biotin 
from the purified target, a streptavidin with increased affinity for biotin may be used. 
25 This may be useful, for example, where the targeted substance is a contaminant 
Increased affinity streptavidin is especially useful if the taigeted. substance* is a. trace 
contaminant. The contaminant may be removed by the increased affinity streptavidin 
and disposed of! The increased affliiity will ensure^ a more complete recovery than 
wildtype streptavidin. Because wildtype streptayidin. is unstable under the extremes 
conditions of pH, salt, detergent, and disrupting agmts, it is necessary to neutralize 
these agents before sqparation witii strq)tavidin. Increased affinity streptavidin may 
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^ or elinunate the need for ncutndiration. Tlus reduction or elixninauon will 
reduce piocessing time and complexity and contribute directly to cost reducuon. 

Using the methods disclosed herein, combination of detecDon and 
isolation procedures can also be utilized. For example, targets can be transferred from 
one suppon to another using a manual or automated appaiams. Sequential detecuon 
or purification techniques can also be used to purify targets to homogeneity. Such 
techniques were heretofore not possible when the streptavidin biotin boml could not be 
easily broken. In addition, nearly any conventional detection or isolation methodology 
can be performed with conventional streptavidin-biotin procedures. 

Another embodiment of the mvention is directed to a method for the 
detection of a disorder in a patient such as a human. Reduced-affinity streptavidin is 
natundly targeted to biotin. Kotinylation of a site within the body of the patient, such 
as. for example, using monoclomd or polyclonal amibodies coupled with biotin and 
specific for the site will taiget the coupled, complex to that site. Reduced-affinity 
15 streptavidin may be coupled with a pharmaceutical which can be used to treat the 
disorder. Treatable disorders include neoplasms, genetic diseases and infections {e.g. 

viral, parasitic, bacterial, fungal). 

Another embodiment of die invention is directed to a mediod for the 
isolation and culture of infectious agents fiom: a patient:. Body fluids, such as blood of 
20 a. patient may be contacted with a support with antibodies specific for viral surface 
antigens. If tiie antibody was crosslinked to the solid support by a reduced-affinity 
smrptavidin, bound infectious agents may be released witiiout harm witii a gentie elution 
technique. The isolated agents may be definitively identified by live culture: Infectious 
agents which can be isolated by this technique include slow viruses, malaria and 

25 infectious yeast. 

Another embodiment of die invention is directed to a purification mettiod 

for nucleic acids and^ nucleic acid-protein complexes. Nucleic acids can be immobilized 

to a column through a. reduced affinity streptavidin complex. The Immobilized nucleic 

acid may be single or double stranded and it may comprised cloned sequence or random 

30 sequence. The column may be used to enrich for nucleic acid-binding proteins. The 

proteins bound to nucleic acids may be released without the use of nuclease or protease. 
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The product may be studied, widunit the disntpdon of the protein nucleic acid bond by 



native gel dectiophoxesis (a gel mobility shift assay). This is an especially powerful tool 
for studying: proteins with lelativdy low affinity for nucleic acids such: as transcription 
factors. 



reduced afiRhity streptavidin to sort cells. Current methods of cell soiling requires a 
fluorescent activated cell sorter which involves considerable expense and the use of 
fluorescent dyes which are quite toxic to the cells. Beads and plates coated with 
antibodies specific for cell surface receptors may can be used to collect ceils, but due 
10 to the high affinity, the recovery of live cells are generally not feasible. To enhance live , 
release, a reduced afRnity antibody may be: used, but such antibodies also reduce yield. 
There are* many condition where the recovery of live cells is desirable such as in the 
isolation of hemopoietic stem cells for bone marrow transplants, and the collection of 
platelet from whole blood for chemotherapy patients. In these situations the reduced 
IS affinity streptavidiii. may be employed to reversibly Unk antibodies to a sur&ce and the 
bound cells can be release under nonrlethal condition. The released cells may be* used 
directly to treat patients, or the cells can be used as input to further rounds of 
puriAcation. In addition to antibodies, any moiety which, binds tightly to cell surface 
antigens such as cell adhesion: molecules, receptors and, mediators may also be used. 
20 Another embodiment of the invention is directed to the: prcxluction of 

macromolecular arrays on solid surfaces using the reduced substrate affinity streptavidin- 
biotin complex. With reversible complex formation, surface biotinylated probes could 
be regenerated, or changed, as desired, without- the use of harsh conditions. This allows 
the full automation of this, and other, streptavidin application. The reduced substrate 
25 affinity streptavidin could also be fiised to partner proteins to produce chimeras, in 
which the streptavidin moiety provides tight, yet reversible binding of the parmers to 
biotin, biotin derivatives, and biotinylated macromolecules. This allows for additional 
purification and detection techniques; all of which can be fully automated. Thus, 
reduced substrate affinity str^tavidin should be able to serve as a unique biotechnology 
30 tool and offer novel applications, in which irreversible biotin-binding by natural 
streptavidin under the conditions usable with biological materials is undesirable. 
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Anotber embodiment of the invention is diiected to the production of 
maciomolecular anays on surfaces with increased affinity streptavidin. Macromolecular 
amys produced with increased affinity streptavidins may be sterilized and washed under 
more extreme conditions than arrays produced with normal affinity streptavidm. TTie 
5 more stringent washes can produce an array with higher accuracy, smaller dimensions, 
and with reduced background. In addition, increased afTurity streptavidin wffl aUow the 
recycling, of macromolecular arrays by washing. 

Another embodiment of the invention is directed -to methods using 
macromolecular arrays comprising Increased affinity streptavidin under extreme 
10 conditions. The increased affinity of the streptavidin bond will allow placements of the 
macromolecular arrays comprising these bonds in conditions which are previously not 
suitable. Examples of these conditions may include, for example, in a deUvery pipeUne, 
in chemical and biological reactors, in high temperamre reactors, and in enviromnental 
monitoring. The stable increased affmity streptavidin bond may also be useful m 
15 methods where it is inconvenient to replaced foiled monitors. Examples of methods 
where replacemem of macromolecular array may be inconvenient include, for example, 
,„ viva or in virro monitoring of life processes, remote monitoring, medical implants, and 
monitoring of microscopic processes, and monitoring the interior of a contmuous 
chemical or biological process. Examples of continuous chemical or biological processes 
20 include continuous chemical and biological productions where replacement of the 
macromolecular array necessitates the cessation of the process. Tlte use of an increased 
affinity streptavidin will reduce or eliminate expenses related to the shutdown of a 

continuous process. 

Another embodiment of the invention is directed to methods for using a 
25 streptavidin molecule with mcreased binding ability. With increased stability 
streptavidin and biotin may be used in applications not suitable: for wUdtype 
streptavidins. AppUcations which may benefit from increased, stability streptavidin 
. include microscopic machine, equipmem and assays which must: be sterilized, and 
biofabrication. The production of macromolecular arrays on inert substrates such as 
30 : siUcoh orpaper involving processes comprising heat, pressure, organic solvents, extremes 
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of pH undo' sterilizing and sterile conditions is possible using stieptavidin with 
increasing biotin binding ability. 

One q>ecific example of how an incxeased biotin binding stxq^tavidin may 
be used is in the manufactuier of dip^cks for bioassays. A d^stick may comprise a 

S support such as plastic or pBp^r on which aie attached reagents such as 
immunoreagents.^ Dipsticks intended to be used in a sterile^ environment: such, as an 
operating room has to be manufactured sterilely. If a. dq>stick comprises a streptavidin 
biotin bond, sterilization is difficult, because sterilizers may inactivate the str^tavidin 
biotin bond. A dipstick comprising, increased affinity streptavidin may be manufactured 

10 with reduced cost because of the strq^vidin's ability to withstand routine- sterilization. 

Another CTibodiment of the invention is directed to methods for using 
increase affinity streptavidin in environments which can cause the premamre disniption 
of the streptavidin4)iottn bonds. Examples of applications which can disnqjt: a wUdrtype 
streptavidin biotin: bond . include-, for example, monitoring: bioreactors or chemical 

IS reactors under high temperature, high pressure, high* solvent, high salt; or extreme pH 
conditions. It may be desirable; for example, to directly monitor a: chraiical synthesis 
reaction using an assay or kit comprising increased affinity streptavidin without first 
reducing' the temperamre; pressure- .or pH of the: reaction.. 

Another advantage- of increased affinity streptavidin: is in reduced: product 

20 storage cost.. It is desirable for many assays and kits to have low price: and increased 
stability. However; many assays and kits, because' of the sensitivity of their components, 
have short shelf lives and strict storage- and shipping requirements. These strict storage 
and shipping requirements increase the cost and limit the availability of these products. 
Assays and kits comprising increased affinity strqnavidin, because of the additional 

25 stability, may have a longer shelf and may be less fastidious in shipping and storage 
requirements. The enhanced stability of these assays and kits will reduce the cost to the 
consumer: 

Another embodiment, of the invention is~ directed to kits which contain 
reduced-affinity str^tavidin: for the detection or isolation of targets, such as substances 
30 which may be- indicative of a disorder. Disorders which can be detected include 
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irfection. neoplastic disonJers and genetic defects. Kits may also comprise additional 
reagents which may be utilized in Uie detection process. 

n,e- foUowing experiments aie offered to illustrate embodiments of the 
invention, and should not be viewed as limiting Uie scope of tiie invention. 

5 ^'ryTFT'^" 

Example I r>|i p^„..r.^tide niirrfM MMtagsnriiT of Strept»vidm . 

To disnipt the inter-subunit hydrophobic contact made by. for example. 
. Trp-120 to biotin witiiout distuibing local enviiomnents annind tins residue, tiie codon 
encoding Tip-120 was mutated to a codon encoding phenylalanine. Because of its 
10 smaUer size, the phenylalanine residue of one subunit should have a considerably 
reduced hydrophobic interaction, if any. with tiie alkyl moiety of tiie pentanoyi gimp 
of biotin bound by an adjacent subunit. If no local, conformational changes occurred as 
a result of tins mutation, tire minimal distance between tfte phenyl group of tins 
phenylalanine residue and ti« alkyl chain of biotin should be approximately 5. 1 ^ TTus 
15 distance is significantiy greater tium tiu« between Trp-120 and biotin (4.1 A) in wild-type 
streptavidin. However, because of tire hydrophobicity of phenylalanine, tiie conversion 
to Phe-120 should have minimal effects on tiie local hydrophobic enviiomnents around 
the biotin-binding sites and tiie. dimer-dimer interface. 

pTSA-13. which carries tiie coding sequence for amino acids 16-133 of 
20 mature streptavidin was used as tiie starting material to make reduced affinity 
streptavidin (Figure 1). BasicaUy. a phosphorylated oUgonudeotide of Uie sequence 5'- 
d(ACCAGCGTCGACTr QAAGGCGTTGGCCTCG)-3- (SEQ ID NO 2) was used to 
mutate die codon TGG encoding for Trp on residue 120 to TTC. TTie new codon TTC. 
codes for Phe at position 120. Briefly, tiie reaction was initiausd by hybridizing 10 
25 pmoles of tiie phosphorylated oUgonucleotide to tiie single stranded, streptavidin DNA 
in a 10 A reaction with 20 mM Tris-HCl, pH 7.5. 10 mM MgCl^ 50 mM NaCl and 1 
mM ditiiiothreitol (DTT). Elongation and mutation was initiated byti«! addition of 10 
^ of 20 mM Tris-HCl. pH 7.5. 10 mM MgCU 10 mM DTT. 2 mMldATP, 2 mM dTIP. 
2 mM dCTP. 2 mM dGTP, 10 mM ATP, 5 units bacteriophage T4 DNA Ugase and 2.5 
30 units of Klenow. This procedure was performed according to tire in vitro mutagenesis 
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kit siqipliisd by Ammham. Subsequent procedures foltowed as recommended by 
Amersham. Resulting pnxlucts created were used to tiansfonn comp^ent £1 coU ceUs. 
To select clones contained the: desired mutations, the sequence was conftnned using a 
dideoxy chain tennination pitKedure. 

5 Example 2 Production of Phe-120 Streptavidin in E. coli. 

The mutated strq)tavidin of Example I was used to pioduce large 
quantities Phe-120 stn^tavidin protein. Because the expression of streptavidin in 
bacteria has a lethal effea to a cell, an inducible syston was used. The DNA fragment 
comprising the sequence encoding the streptavidin mutant was excised from its vector 
10 with, the restriction endonucleases Mie I and BamH I, and. cloned into the same sites in 
the: T7 expression vector pET*3a. Resultant plasmids were txansfonned in.BL21(DE3) 
(pLysE) bacteria:.. 

To produce the Phe-120 streptavidin, BL21(DE3)(pLysE) cells carrying 
the expression plasmid were grown at 37%: in LB supplonented with 0.4% glucose, ISO 
13 fig/ml ampicillin and. 25 iig/ml chloramphenicol until cultures reach a density of 0.6 at 
Aeoo- Expression of the Phe-120 streptavidin was induced by the addition of a gratuitous 
inducer, DPTG, to a final concentration of 0.4mM. Phe-120 streptavidin was expressed 
for five hours at 37 *tZ before the cells were harvested. 

Example 3 Purification of Expressed Phe-12Q Strgptavidm . 

20 Phe-120 streptavidin protein produced by induced E. coli was purified. 

Cells expressing the mutant streptavidin were harvested by centrifiigation at 1600xgfor 
10 minutes. Protein was purified from the insoluble fraction of cell extracts. Briefly, 
cells were pelleted, washed with an isotonic solution of 100 mM NaCl, 1 mM EDTA and 
10 mM Tris, pH 8.0, and resuspended in a detergem solution of 2 mM EDTA, 30 niM 

25 Tris-HCl, pH. 8.0,0.1% Triton X-100. Lysis occurred under these conditions because 
the presence- of T7' lysozyme in the cells. 

Nucleic acid in the extract was digested for IS minutes at room 
temperature by the addition of MgS04, DNase I and RNase A, to final concentrations 
of 12 mM, 10 ^mi and 10 /ig/mi, respectively. The insoluble fraction of the extract 




^^rrAJS96/0S169 

wo 97/1 1 183 

25 

confining Phe-120 stieptavidin was isolated by ccntrifugadon of the nuclease treated 
extma at 39.000 x g: for 15 minutes. Pellets were washed with 2 niM EDTA. 30 mM 
Tris-HCl. pH 8.0. and 0.1% Triton X-100, and sohibilized in 6 M guamdme 

hydrochloride, pH 1.5. 

Impurities were removed by dialysis against 6 M guanidine hydnKhlonde 
pH 1 5 Mutant sti^tavidin was renatured slowly by dialysis against 0.2M ammonium 
acetate pH 6. After renatuiation. insoluble impurities were removed by centrifiigaaon 
at 39 OOOxg. Supenuitant containing the mutant streptavidin protein was removed and 
coUected. Final purifications wereperfonhed by 2-iminobiotin affinity chromatognq,hy. 

Example 4 ^.^^r^i rh.n>ct eristirs of fhc PhC-17n .Stm^^vMin • 

Polyacrylamidc gel electmphoresis analysis (PAGE-SDS) of Phe-i20 
streptavidin was pcrfomed on protein expressed in £.«,/.• carrying pTSA-38. Total ceU 
pmtein of BL2l(DE3)0.LysE), with or without. pTSA-38, was analyzed usmg a 15% 
polyacrylamide gel. As shown in Figure 2A,.lanes "a" = BUl(DE3)(pLysE) and lanes 
-b" = BL21 (DE3)(pLysE)(p-reA-38), streptavidin piotein could be easUy visuabzed 
upon staining. The number above each lane is the time in hours after induction. Each 
lane comained total ceU protein from the foUowing volume of culture. At 0 hour for 
-a" and, at 0 hour and 1 hour for "b",50 ^; at 3 hours and 5 hours for "b", 33^; and at 
5 hours for •■a-,25 A- The right lane contains molecular mass standard protems. 

Purified Phe-120 streptavidin was also analyzed by SDS-PAGE Briefly, 
appioximately 3 m of purified Phe-120 streptavidin was appUed to a 15% 
polyacrylamide gel (Figure 2B). The right lane contains molecular mass standard 
proteins. The molecular weight of Stv-38 was estimated to be approximately 13,000 
daltons, which is consistent with the molecular mass obtained from the deduced ammo 
25 acid sequence (12,600 daltons). 

Local stmcmres around the biotin-binding site of natural or wUd-type 
sm:ptavidin are shown in Figure 3A. Figure 3B shows the biotin-binding site of the 
reduced-affinity streptavidin of Stv-38 in which Ttp-120 is converted to Phe. Bound 
biotin is colortsd red. These structures are drawn based on the known threeniimensional 
30 stmcnire of natural streptavidin. Hie positions of the four Tip residues (Tip-79. -92,- 
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108 and -120) are indicated. Note that Tip-79, -92 and -108 are of one subunit. with 
biotin, while Trp-120 (yellow) or Phe-120 (yellow) is provided by an adjacent subunit 
through the dimer-dimer interfece; Carbon, nitrogen, and oxygen atoms are. colored 
green, blue and red, reflectively. 



5 Example 5 Biotin Binding of Phe-12 0 Streptavidin 

On gel filtration chromatography using a Supendex 75 HR 10/30 column 
the molecular mass of purified Phe-120 streptavidin was estimated to be 49,000 daltons, 
consistent with proper tetnuner formation. When the biotin binding Phe-120 
stieptavidin was analyzed, biotin was found at an amount of greater than 0.97 molecules 

10 of biotin per streptavidin subunit. This degree of binding is consistent with full biotin- 
binding ability. These results indicate that Phe-120 streptavidin forms a tetiamer as 
does wild, type str^vidin and. that the conversion of Trp-120 to Phe-120 has no 
significant effect on the basic properties of the mutant strqnavidih.. These data also 
indicate that the mutation had minimal effects on local environments aratind. the biotin- 

15 binding sites and the dimer-dimer interface; thus allowing the correct folding of the 
molecule. 

Example- 6 Determining the Biotin-Btnding Affinir v of th^ Phe.120 Streptavidin 

The biotin-binding affinities of wild, type and Phe-120 streptavidin were 
determined, by an equilibrium dialysis method using a micro diaiyzer (Hoeffer 

20 Scientific). One hundred microliters each of D-[carbonyl- ^X:] biotin (2 nM - 4 fM; 53 
mCi/mmol; Amersham) and 100 /xl of streptavidin (5.3 f^ml, 0.42 fM subunits) were 
prepared separately in TBS (150 mM NaCl, 20 inM Tris-HCl. pH 7.4,0.02% NaN^) 
solutions. Equilibrium dialysis analysis was begun by the placement of the two solutions 
into two opposing chambers of a micro diaiyzer. Chambers were incubated at 30 with 

25 rotation for 48 hours and the- concentration of labeled biotin in each chamber was 
measured by scintillatipn counting. Results were plotted on a Scatchard plot. The 
apparent biotin-binding afTuiity of the^ Phe-120 streptavidin was determined to be from 
about 1-3 X 10" demonstrating the reduced substrate affinity of this streptavidin 
mutant. 




WO 97/11183 

27 

Ccmq«rison with the biotin^inding affinity of tuttuial core strepiavidin (4 
xIO'*M-'aipH 7.0at25-C) indicated that asubstantial «luction in the biotiiv-binding 
affinity was caused by the mutation of Trp-120 to Phe. This indicated that the 
hydn,phobic contact made by T*p-120 to biotm contributed significanUy to the extremely 
5 tight biotin-binding by streptavidin. Disruption of the hydrophobic contact made by Tr^^ 
120 to biotin may not be solely responsible for the drasdc reduction in biotm-bmdmg 
affinity The mutation of Trp-120 to Phe-120 may have generated additional stmcmral 
changes m or arx,und the biotin-binding site which also lowered the biotin-bindmg 
affinity. 

10 Example 7 rw^rmination of Biotin-B indinp SU^hiUty .- 

To determine if the mutation affected the biotin-bindmg stabdity of 
streptavidin, stability was determined by monitoring the^ release of radioactive biotin in 
the presence of free biotin at neutral pH. PurifiW. Pfae-120 stn^vidin was samrated 
with I>[carbonyK 't:) biotin in 150 mM NaCl. 20 mM TrislHCl. pH 7A0:2mM 

Stv-38wasmbced with D-[carbohyl- '^biotin at a molar ratio of biotin to biotin-bindmg 
site of 1. This Stv-38 solution (1.71 «.136mnol subunits in 133 yL olTBS) was mbced 
with an. equal volume (133 of TBS contaming various concentrations of free b.otm. 
The mbcmre: was allowed to stand at 21 "C for 20 minutes, transferred to a Ultnifee MC 
filter (molecuter mass cut off. lOkD), and centrifuged at 1 .600 x g for 10 minutes. 

Stability of the biotin-bond was measured by counting .the amounts of 
released nidioactive biotin in the filtrate. The amount of radioactivity in the filtrates 
was determined by liquid scimillatioa counting, and plotted as a. function of the final 
concentration bf free biotin added (Figure 4; closed square), and the amoum of namral 
core streptavidin analyzed in the same manner as the control (Figure 4; open circle). 

AS shown in Figure 4. the amoum of released. '*C-labeled biotin mcreased 
as the concentration of free biotin was raised above 33 nM. Addition of 330 free 
biotin released appiTJximately 50% of the bound 'iC-labeled biotin- from Phe-120 
streptavidin. In contrast, ^ost no release of bound, biotin was observed with natural 
core streptavidin by the addition of free biotin up to 330 *iM. 
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These results demonstrated that Pbe-120 streptavidin retains bound biotin 
stably evai under relatively barsh conditions. However, the addition of free biotin {e.g. 
about 0.1 to about 10 raM and preferably about 0.3 to about 2 mM) resulted in the 
dissociation of previously bound biotin from the mutant due, presumably » to exchange 

5 of bound, biotin with free biotin. 

In the three-dimensional structure of strqnavidin, Trp-120 spatially covers 
the pentanoyl group of bound biotin. This apparently contributes to the very low 
dissociation rate constant for streptavidin-biotin complexes (2.8 x 10"* sec ' at pH 7 at 
25 T:). It is quite likely that the mutation of Tip- 120 to Phe-120 led to the greater rate 

10 constant for the dissociation of bound biotin with minimal effects on the association rate 
constant, thereby enhancing exchange reactions with- free biotin. 

Example 8 Effect of Bio tin Binding on Subunit Association . 

Because the hydrophobic, contact made by Tip- 120 to biotin occurs 
through the dimer-dimer interface, this inter-subunit conununication. may contribute' to 

15 the biotin-induced. tighter subunit association of streptavidin, which is observed in core 
streptavidin. To test this possibility, the. subunit association of Phe-120 strqstavidin with 
and without biotin was investigated by SDS-PAGE (Figure 5). 

Natural, core str^tavidin (5-0 |4g; 0.37 nmol subunits) (Figure 5, lanes 
marked A) or Stv-38 (4.0 fig; 0.32 nmol subunits) (Figure 5, lanes mariced B), in 4 ^ of 

20 TBS, was mixed, with an equal volume of TBS without or with I.7 nmol biotin (molar 
ratio of biotin to subunit, 4.6 for natural core streptavidin and 5.3 for Stv-38),and the 
mixtures incubated at 21 for 5 minutes. To each of these mixtures (S 2 of 
3.0% SDS, 100 mM Tris-HCl, pH 6.8, and 40% glycerol were added to a final SDS 
concentration of 0,6%. The resulting samples were either incubated at 21 **C for 5 

25 minutes or heated- in boiling water for 3 minutes, and subjected, to SDS-PAGE. 

Upon heat treatment in the presence of SDS, wild type core streptavidin 
and Phe-120 streptavidin, both without* biotin, dissociate compl^ly into monomers. 
However; the dissociation of natural core strq>tavidin was partly rq)ressed by biotin- 
binding, and two distinct protein bands corresponding: to the tetramer and monomer 

30 were observed. In contrast, no tetrainer band was observed with Phe'120 strq>tavidin 
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even in the p««oce of biodn under the same conditions, indicating that its subun^t 
Leiation was not tightened significantly upon biotin-binding. demonst^ted ^ 
r^r-suhunit contact by Tn>-120 to biotin wasthe prima^ fotce that mduced 
the tighter subunit association of natural streptavidin upon biotin-bindmg- 
, . Even without heat treatn^ent, a pan Of Phe-120 streptavidin <hs^^^ 

^^o monomers in the presence of SDS, whUe no dissociation was observed, with wUd 
cype core st^ptavidin. Biotin-binding had only a sUght effect on the dissooanon of Phe- 
120 stn^ptavidin without heat trea«,ent. Hus indicated that Tn>-120 also contnbutes 
to the subunit association of tetramers in the absence of biotin. 
10 Because hydnjphobic interactions around the dimerniimer mterface a« 

the major force for stable association of two symmetric dimer., the teducti^ m 
hydn,phobicity around the dimer-dimer interface, caused by the mutation ofTn.l20to 
Phe, would also nsduce the overall stability of the dimer-dhner assocatton. 

Example 9 r^r^T-^"^' Stimtividin tO ^ ^wm - 
15 Reduced substrate affinity stnqnavidin was dialyzed extensively against 

billing buffer (0.5 M sodium phosphate-.. pH 7.5) to temove inhibitors befote attachmg 
to soUd supports, cyanogen bromide activated beads (Phannacia Biotech; Piscauw^ 
.NJ) were^ washed with 100 votomes of binding buffer to remove preseo^atives and used 
i„,mediately for coupling. Mutant stn^vidin was crosslinked. to th. beads by addmg 
20 the activated, beads to the mutant streptavidin and mixing gently overnight at room 
tempetatutev Uncit«slinked mutant str^tavidin was removed by washing the beads with 
binding buffer foUowed by a solution of I M NaCl and 0.05 M sodium phosphate, pH 
7 5 Unieacted groups were blocked by incubating the beads in 100 mM ethanolamme, 
pH 7 5,for4 hours with gentle n,ixing. After ethanolamine was removed, by washes with 
25 phosphate buffered saline (FBS; 0.144 g/L KH^>0. 9 g/L NaCl, 0.795 g/L Na^ . 
7H P). the reduced substrate affmity streptavidin coupled beads were ready for use. 

Example 10 f^rn ^*'"" nf Biot invhtrd from NoP-Wntif'Yii'M Frgtem?. 

A chromatography column is used for separation of a biotinylated protem 
from a mixture of proteins. Reduced substrate affinity strtptavidfa. coupled beads are 
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poured into the column and washed with 5 column vohimes of pho^hate buffered saline 
(PBS). The protein mixture is added to the column, and the biotinylated. proteins are- 
adsorbed to the column for 30 minutes. The non-biotinylated protdns axe washed away 
with PBS. Biotinylated protein is mnoved from the column with a wash solution, of PBS 
5 containing biotin at a. concentration of SOO fiM. 

Example 11 CeU sotting: lisolation of Hiiman T and B ceUs. 

Bone marrow transplants are som^unes helpful in the treatment of 
cancers, particulaiiy leukemia. However, there are very few stem cells in the blood and 
a cell sorting method, will be- useful in their isolation. Reduced, affihity streptavidin. may 

10 be^ used to isolate a specific ceU population^ from blood. Isolation of B cells and T cells 
from blood is used as an example. Lymphocytes are prepared from whole blood by 
gradient sqiaiation using a.ncoll-Paque^- gradient (Pharmacia Biotech; Piscataway, NJ) 
, . and resuspended. in a. filial cell concentration of 10' per ml. One ml. of purified 
lymphocytes and. 2 mis of ghu» beads coated with reduced substrate affinity stieptavidin. 

IS . is used for T and B cell isolation. 

Two mis of reduced substrate affinity streptavidin coated glass beads are 
placed, into a 3 ml column. Beads are washed with 10 mis of PBS and air bubbles in 
the column bed. removed, by centrifuging columns at: 1000 x g for 10 minutes. Ten- mg. 
of puriHed biotinylated goat, anti-human IgG (heavy and light chain) (Pierce Chemical 

20 Co.; Rockford, EL) in. PBS are: applied to the column. Antibody is absorbed to the 
beads at room temperature for one hour in a rotator. Unbound antibodies are removed 
by washing the column with 30 mis of PBS. 

Cell sorting is performed by applying the lymphocytes to the column at 500 
fjH per minute' and collect the flow through fraction which contains the T cells. 

25 Additional T cells are rnnoved by washing the column with 15 mis of PBS at 500 fd per 
minute; Optimal yield and separation of B cells and T cells are dependent on a 
constant flow rate; The: optimal, flow rate for'a.2 ml column should be^ less than about 
5 mis. per minute and about SOO fd per minute. Eluate from loading, and washing 
fraction contains the T cells. B cells are eluted from the column with 15 mis of 2 mM 

30 Biotin in FBS. 
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Example 12 M..iti pi>t Detecrinn Techmqyyr Multiple WgStCTns 

An oncogene expression profile of a. tumor can be determined by 
successive probing of a. western blot using a. variety of antibodies conjugated to 
labeled streptavidin. Briefly. 500 /iCi of '^-labeled N^succinimidyl 3-(4-hydroxypheny) 

5 propionate) ffCN Radiochemicals; Irvine, CA) in dimethylfonnamide is air dried to the 
bottom of a tube. Radiolabeling is initiated by the addition of 10 ng of reduced 
substrate affinity streptavidin. in 10 of 0.1 M sodium borate to the tube. Mutant 
streptavidin is labeled on ice for 15 minutes and the reaction terminated widi 100 ^ of 
0.5 M ethanolamine. 10% glycerol. 0.1 % xylene cylanol and 0.1 M sodium borate. pH 

10 8.5. Labeled sti«ptavidin is separated from the labeling reagent on a gel fUtiation 
column. 

Biotinylated anti- myc antibody and biotinylated arti-na antibody are 
labeled individually by contacting the antibody with '*^-labeled streptavidin. A western 
blot having multiple lanes of total proteins from tumors is probed with the "^-labeled 

15 anti-myc antibody. Briefly, 10 mis PBS. with 3% dried milk and 1 «/ml anti-niyc 
antibody is contacted with the blot for one hour with agitation. Non-specific binding is 
washed away with PBS, Myc expression is detected by an autoiadiogiaph of the blot. 
The labeled streptavidin is removed by washing the blot with PBS and 2 mM biotin. 
Biotin is removed by washing the blot with PBS. Has expression can be detected by 

20 repeating thfr piocedure with an anti-w antibody. A profile of oncogene expression in 
multiple tumors is revealed in. successive autoradiographs. 

In addition to western blots, this multiple probing technique may also be 
used for dot and slot, blots, nucleic acid blots (Northern, Southern). Histology section 
probed with antibodies, karyotype hybridizaUon (ChnDmosoroe spread), exptession 

25 Ubrary screening with antibodies. cDNA Ubrary screening with nucleic acid probes and 
far-western blots with labeled, protein. 

Example 13 Deletion of Residues 113 -120 and Mutation of Codon 127. 

Expression vectors were constnicted by standard methods using pTSA-13 
which encodes the minimum sized core streptavidin consisting of amino add residues 
30 16-133 as a starting material. OUgonucleotide-directed mutagenesis was performed on 
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a bacteriopiiage M13nq>18 derivative, inpSA-29, carrying the entire coding sequence for 
the mininnim-sized core stvqitavidin from pTSA-13, to convert the codon for His- 127 
(CAC) to GAC for Asp using an 18-base oligonucleotide, 5'-d(AGGTG TCGTC 
GCCGA CCA)-3' (SEQ ED NO 3). A 405-bp Nde I fragment carrying the entire coding 
S sequence was cloned into the Nde I site of the plasmid pET-3a under the control of the 
psilO promoter. The resulting expression vector, pTSA-33 (Figure 6), encodes a core 
streptavidin mutant, Stv-33 (12.6 KDa per subunit) in which His-127 is replaced with 
Asp-127. 

Twosqiarate polymerase chain reactions (PGR) were perfoimed. using the 

10 expression vector pTSA-33 as the template to generate two partial DNA fragments of 
the coding sequence for streptavidin. One PGR amplification used the following set of 
oligonucleotides as primers: 5'-d(AATAC QACTC ACTAT AG)-3' (T7 promoter 
primer; SEQ ID NO 4) and 5*-dfGTTG TTCGAA GTCAG CAGCC ACTGG GT)-3* 
(SEQ lb NO S). This PGR amplification: generated a 38(]kbp fragment containing a 

15 sequence from the- transladon initiation site to the oodon for Ser-112 followed by the 
recognition sequence for the restriction endonuclease BstB I (underlined). The other 
PGR amplificatioa used the following set of primers: S'-d(TTGC T TCGAA GTCCA 
CGCTG GTCGG C)-3' (SEQ ID NO 6) and S'-d(CG(3GG TTTGT TAGCA GCCGG 
A)-3* (SEQ ID NO 7). This PGR amplification generated a lSO<bp fragment containing 

20 2.. BstB I recognidon site (underlined) followed by a sequence from the codon for Lys- 
121 to a translation termination codon (TAG). The 380-bp PGR fragment was digested 
with Nde I and BstB I, and the 150-bp PGR fragment was with BamH I and BstB I, The 
resulting two fragments were ligated via the BstB I termini and the ligated fragment 
(420-bp) was cloned between the Nde I and BamH I sites of pET-3a under the control 

25 of the psilO promoter. The resulting expression vector, pTSAr43 (Figure 6), encodes 
a core streptavidin mutant, Stv-43 (11.8 kDa per subunit) in which a sequence from Gly- 
113 to Tip-i20 has been deleted in addition to the mutation of;His-127 to Asp-127. 
pTSA*43 also carries' silent mutations in the codons for Thr-111 (ACC) and Ser-112 
(TGG) which have been converted to ACT and TGG, respectively . 
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Example 14 f)'*'*M^V ^ Cvrtrivr^ to StTPPftYi«fe ■ 

Cysteine lesidues are added to the cartnixyl teiminus of streptavtdm to 
aUow conjugation to other molecules through sulfhydryl reactions. A plasmid DNA, 
encoding residues 16 to 133 of strcptavidin with Lys at position 127 is used as the. 

material. Plasndd is digested with Ecoi? I and BornS 1- Two 21 mer 
oBgonucleotides, 5'-d(AAT TGC TGC TGC TGC TGC TAA)-3' (SEQ ID NO 8). 5 
d(GAT err AGC AGC AGC AGC AGC)-3-(SEQ ID NO 9) are annealed, and the 
„»ulting double-stianded DNA inserted and Ugated into the EcoR l^ndBamHl sues 
of the prcdigested plasmid. THe sequence of the resulting plasmid is confirmed by DNA 
sequencing using a dideoxy termination method. Hus gene is cloned into a bactenal 
expression vector and the mutated strepU»vidin expressed and purified. Hus streptav.dm 
mutant has all the properties of the previous streptavidin mutant. It forms 
heterotetramers in solution and. with a phenylalanine at position 120, has a reduced 
biotin-binding affinity of less than about 10»M In addition, this streptavidin mutant 
may be conjugated to other proteins and macromolecules, and also soUd supports 
through the sulfhydryl group on the cysteines. 



20 



Example 15 r^^T T^"'^*'"" ofRxnression VggWn • 

Expression vectors were constructed by using standard techniques (J. 
Sambrook et .1., Molecular Clomng: A l^onuory Manual, Cold Spring Harbor 
Laboratory Press, 2nd Edition, 1989). rapSA-29. derived from M13mpl8. which codes 
for a core streptavidin (E.A. Bayer et al.,Biochem. I. 259:369-76. 1989; T. Sano et al.. 
Proc. Natl. Acad. Sd.USA 87:142-46. 1989) containing amino acids 16 to 133 (T. Sano 
et al Proc NaU. Acad. Sci. USA 92:3180-84, 1995) was used as a starting material. 
Mutations were introduced into the coding sequence of mpSA-29 using an 
25 oUgonucleotide-diiected in yOro mutagenesis system (Amersham) (J.R. Sayers et al.. 
Nucleic Acids Res. 16:791-802. 1988). Three sets of mutations were introduced 
separately into a codon for His-127 (CAC): CAC -> TGC for Cys; CAC - > AAA for 
Lys; and CAC -> GAC for Asp. Coding sequences containing the desired mutations 
wer^ cloned into the Nde I site of pET-3a under the control of psilO promoter (F.W. 
30 Studier et al..MeU.ods Enzymol. 185:60-89. 1990). Resulting expression vectors, pTSA- 
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C127,pTSA-K127 and pTSA-33 encode the atreptavidin mutants Stv-Cl27, Stv-K127 and 
Stv-D127, in which His-127 is replaced by Cys, Lys or Asp. respectively. 

Example 16 Kic pieasion a in1 Piirifiaition of Streotavidin MwtMts 

ExpiessioD of each strqitavidin mutant was carried out as described (T 
5 Sano et al.. Pioc. Naii. Acad. Sci. USA 87:142-46, 1989) using BL21 (DE3) (pLysE) 

(F.W. Snidier et al., Methods Enzymol. 185:60-89, 1990) carrying an expression vector. 

Each mutant was purified which included 2-iniinobiotin affinity chromatography (K. 

Hofmann et al.. Proc. NaU. Acad. Sci. USA 77:4666-68. 1980). For Stv-C127. 2- 

meicaptoethanol was included in all solutions to prevent disulfide bond formation during 
10 purification (T. Sano et al., Bio/Technology 11:201-6,1993). 

Example 17 Pn^mtinn o f Reversible Two-Chain Tetrameric StrgPtavidin . Spz-QW. 

Oxidation of Stv-C127 was attempted to make a levrasible two-chain 
tetramer. Disulfide bonds between the sulfhydryl groups of Cys-127 across the dimer- 
dimer interface were formed by lyophili2dhg Stv-C127 to remove 2-niercaptoedianol that 
15 had been used to prevem disulfide bond formation during purification. Disulfide bonds 
were also formed by treating the protein with 0.15% hydrogen peroxide at room 
temperature (-22 °C) for 90 minutes. After disulfide bond formation, proteins were 
dialyzed against water and stored at 4°C. 

Example 18 Pi^iaHitinn of Twn-rhani Tetiiimeric Strentavidin wsine Stv-C^?7 
20 The irreversible chemical crosslinker 1,3-dibromoacetone (ICN) was used 

to make an irreversible covalent bond b^een two cysttMne residues through the dimer- 
dimer inteifece of Stv-C127. Formation of irreversible covalent bonds between cyseeine 
residues requires proteaed sulfhydryl groups. This was accomplished by resuspending 
lyophilized Stv-C127 p /ig) in 6 /d of 5 mM DTT in 100 mM potassnim phosphate (pH 
25 7.8) (R.W. Hniz et al., Prot. Sci. 1:1144-53, 1992). After incubation at room 
tempeiamre for 1 hour, the DTT concentration was reduced to 1 mM by the addition 
of 100 mM potassium phosphate, pH 7.8. Then, 10 /J of 1,3-dibromoacetone dissolved 
in ethanol were added to a final concentration of 2 mM^ The reaction mixttire was 
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were dialyzed against water and stored at 4"C. 

Example 19 rrrr--,-^-- n^"^H»H Stn«tiviiin mifl f f ?r>-T>1?7 i.nri 3tv-K127 . 

Preparation of a hybrid swptavidin tetramer was attempted by mixing 
crude Stv-D127 and Stv-K127 in 7 M guanidine hydrochloride. pH 15. at an 
approximately 4:lratio.foUowedbyrenatnration by removal of guanidine hydrochionde^ 
Subsequent purification was the same as described above. Purified protein wasdialyzed 
against water arK, stored at 4X. A zero-length crosslinker, ,-ethyl-3-t3(dimethylamino) 
propyllcarbodiimide (EDC). was used to cross-link the ^xyl group of Asp- 27 of 
or subunit with the eamino group of Lys-127 of an adjacent subunit. Sulfo-N- 

• -J / »*^KiM«!% n>4erce Chem St. Louis, MO) was used to improve the 
hydroxysuccinimide (sulfo-NHS) (Pierce cnem..ai.i-u 

conjugation eiTrciency (3.V. Staros et al.. Anal. Biochem. 184:244-48^ 1986)^ 
Approximately 60pmoles of purified p«,tein were lyophilized and then dissolved «i 100 
^ 2-N-morpholinocthanesulfonic acid (MES) (pH 5.0). 5 mM sulfo-NHS, 30 mM 
EDC Relatively low pmtein concentrations were used during cross-linking reacUons 
to minimize the formation of higher molecular aggregates. Crosslinking reactions were 
carried out at room temperature for 3 hours. Fifty mM hydroxylamine-HCl was added 
to quench the reaction and regenerate umeacted carboxyl groups. Crosslinked protem 
was dialyzed against water and stored at 4"C. 

Thermal stability of streptavidin mutants was determined. Each 
streptavidin construct (approximately 240 pmoles) with or without D-lcarbonyl- 
,4Clbiotin (52 mci/mmol; Amersham) was dissolved in 6.5 ,1 of water and heated from 
25-Cto70-C.80-C.90»C.and95-Catarateof2-C/minute. Protein solutions were 
kept at these temperatures for 10 minutes and cooled to 25 "C at a rate of 2 "XT/mmute. 
Resulting protein samples were incubated at room temperature for 1 hour m 1.25% 
SDS. 40 mM Tris-HCl, pH 6.8.and subjected to SDS-PAGE analysis. 



Example 20 PTTiflT^*'"" of THmmc StrePtavjdiit 
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Preparation of crude Stv-33 was carried out by the m^hod used for other 
lecombinant strqitavkUn derivatives. Briefly, cell lysates of BL21(DE3)pLysE) carrying 
pTSA*33, which had been incubated for 4 hours after oiduction, was prepared and 
treated with DNase I and RNase A. An inclusion body fraction was collected by 
5 centrifiigation of the cell lysate at 39,000 x g for 20 minutes and dissolved in 7 M 
guanidine hydrochloride (pH l.S). The dissolved protein solution was dialyzed against 
0.2 M ammonium acetate (pH 6.0)70.02% Tween 20/0.02% NaN> The dialyzed 
fraction was centrifuged at 39,000 x g for 20 minutes and the supernatant was used as 
crude Stv-33. 

10 To purify Stv-43, several modifications were made on the procedure used 

for Stv-33. An inclusion Ixxly fraction was pr^ared by the method above from 
BL21(DE3)(LysE) carrying pTSA-43 which had been incubated for 4 hours after 
induction. The inclusion body fraction was dissolved in 7 M guanidine hydrochloride 
(pH l.S). To the resulting solution, biotin was added to a final concentration of 2.4 

15 $i^m\ and the mixture was dialyzed against 0.2 M ammonium acetate (pH 6.0)/0.02% 
Tween 20/0.02% NaN , containing 2.4 fig/ml biotin and against Tris-buffered saline 
containing Tween 20(TTBS; lSOmMNaCl/20 mM Tris-Cl, pH 7.4/0.02% NaNyO.02% 
Tween 20) plus 2.4 Mg/ml biotin. The dialyzed fraction was centrifuged at 39,000 x g 
for 20 minutes and the supernatant was filtered through a 0.22;tfn cellulose acetate 

20 membrane filtration unit (Falcon 7111). To remove biotin bound to Stv-43,the filtrate 
was subjected to three sequential dialysis steps; first against TIBS to remove free, 
unbound biotin; second against TTBS containing 10 mM urea to remove bound biotin; 
and finally against TTBS to remove urea. The dialyzed fraction was applied to a biotin- 
agarose (Pierce) column which had l>een equilibrated with TTBS. Unbound materials 

25 were removed by washing the column with TTBS and bound proteins were eluted with 
TTBS containing 2.4 /ig/ml biotin to remove urea and the dialyzed fraction was filtered 
through a 0.22 fan polyvinylidene fluoride membrane filtration unit (Millex-GV; 
Millipore). The filtrate, containing Stv-43 with biotin, was stored at 4*X;. 

To remove l>ound biotin from purified Stv-43, the protein was subjected 

30 to the three sequential dialysis steps used during purification of Stv-43. The resulting 
Stv-43 without biotin was stored at 4°C and lised within three days after prq)aration. 
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E«„.pie 21 Iti hitit7 9fSmTt a yi< 1 Hi Mutant, in run nirt inr HyHmcWond. ■ 

Each sireptavidin constnict (appioximately 160pmoles) was mcubated for 
iOminutes in 15 ^ of I>-[8.9-»3Hlbiatin (47 Ci/nunol; A«e«ham) to fUl appioximately 
22pmolesofthebioti„-binding site, followed by the addition of 2 ^ of unlabeled biotu, 

5 to satunte lemaining biotin binding sites. 983 ^ of 7 M guanidine hydxochlonde. pH 
0 89 was added and the mixture was incubated at room tempeiatuie for 90 minutes. 
Conm,l experiments were perfomed by incubating pn,teins in 150 mM NaCl. 50 mM 
ammonium acetate. pH 6.0. without guanidine hydnKhloride. Released bioun was 
separated fh,m streptavidin-biotin complexes using Ultiafree-MC centrilugal filter umts 

10 (Millipore) with a molecular mass cutoff of 10 kDa. and quantitated by hqu.d 
scintillation counting. 

Example 22 Rjn'^ing of Biorinvlated DNAs 

Each lyophilized streptavidin consmia was mixed with a 1:100 molar raUo 
of an end-biotinylated 18-base DNA in 4.5 M NaCl and the mixmre incubated for 2 
15 hours Streptavidin-biotinylated DNA complexes were desalted and mn on a 15% non- 
denaturing geKJ.Sambiook et al.. Molecular Cto«ngMl^««foO'**««««'^ Cold Spring 

Harbor Laboratory Press. 2nd Edition. 1989). 

SDS-PAGE analysis was carried out with a discontinuous buffer system 
(U K LaemmU Nature 227:680-85.1970) using 1596 polyacrylamide gels. Biotin-binding 
20 ability was determined by gel filtration chromatography (R.-D. Wei Methods Enzymol. 
18A:424-27. 1970) using PD-10 columns (Phannacia) and Dtcaibonyl-14Clbiotm (52 
mCi/mmol; Amersham). 

Example 23 f ^T'*"'^"" streptavidin Mutants 

Two recombinant core streptavidins. Stv-25 and Stv-13. were tested for 
25 sohibility and binding properties. Stv-25. with a mass of 13.2 kUodaltons per subunit. 
has an amino acid sequence very similar to natural core stieptavidins. Stv-13. with a 
mass of 12.6 kUodaltons. has a ftirther truncation of the terminal residues and consists 
essentiaUy of only the ^-barrel structure characteristic of strepuvidin. 
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Expression vectors for leoombinant core streptavidins were constnicted 
using standard recombinant nucleic acid techniques (J. Sambrook ei al., Molecular 
Oomng: A Labofutory Manual. 2nd ed,. Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, NY. 1989.). Oligonucleotide^dirBCted in vimi mutagenesis (J.R. Sayers 

5 ct al., Bio/Techniques 13:592-96, 1992) was used to introduce mutations into the coding 
sequence for strcptavidin. Two esqiression vectors, pTSA-l3 and pTSA-25 (Figure 6), 
were constructed by using a cloned natural streptavidin gene (C.E. Argaram et al.. 
Nucleic Acids Res. 14:1871-82, 1986) as the starting material. pTSA-13 carries a DNA 
sequence encoding amino acid residues 16-133 of mature streptavidin, while pTSA-25 

10 encodes amino add residues 14-138. To enable high level expression in bacteria, the 
coding sequences of sti^tavidin were cloned into T? expression vectors pET-3a (F.W. 
Studier et al., J. Mol. Biol. 189:113-30, 1986; F.W. Studier et al., Methods Enzymol. 
185:60-89, 1990) under the control of the «0 promoter, foUowed by the T* 
transcription terminator of bacteriophage T7. 

15 Example 24 Ex pression a^ ^ purification of Recombinam Cot? StrgP^vidins > 

Expression of each recombinant core streptavidin was performed by using 
the T7 expression system (F.W. Studier et al., J. Mol. Biol. 189:113-30. 1986; F.W. . 
Studier etal., Methods Enzymol. 185:60-89, 1990). using estabUshed procedures (T.Sano 
et al.,Proc. Natl. Acad. Sci. USA 87: 142-46^ 1990; T. Sano et al.,Biochem, Biophys. 

20 Res. Commun. 176:571-77, 1991; T. Sano et al,, BioATechnology 11:201-6, 1993.). 
Briefly, a host bacteria BL21(DE3)(pLysE) (F.W. Studier et al.. Methods Enzymol. 
185:60-89, 1990) carrying an expression vector was grown at 37 "C with shaking in LB 
medium (10 grams bacto-tryptone, 5 grams bacto-yeast extract and 10 grams sodium 
chloride per liter, pH 7.0) supplemented with 0.4% glucose, 150 fig/ml ampicillin and 

25 25 fxg/m\ chloramphenicol. Growth of the bacteria was monitored using a 
photospectix>meter calibrated with sterile LB for adsorption at 600 nanometers. Sterile 
LB was used to calibrate the photospectrometer. When the absorbance at 600 nm of 
the culture reached 0.6, isopiopyl- /3-D-thiogalaaopyranoside was added to a fmaJ 
concentration of 0.5 mM to induce the expression of the T7 RNA polymerase gene 
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placed under the lacUVS pn,«oter. After induction, cells we« incubated at 37-C with 
shaking for four hours before harvest and purification of expressed protem. 

Stv-13 was expiessed cfficienUy in E. coU. In contrast, while STV.25 was 
still expressed in usable anMHints. its expression efficiency of Stv-25 was lower than that 
5 of Stv-13. This may be caused by codons for the terminal sequences present in Stv-25 
(but absent in Stv-13) which occur at low frequencies in highly expressed E. coU genes. 

Purification of Stv-13 and Stv-25 was performed using 2-iminobiotii. 
affinity chromatography accorfing to procedures previously described (T. Sane et al.. 
Proc Natl Acad. Sci. USA 87:142-46. 1990; T. Sano et al., Biochem. Biophys. Res. 
Commun. 176:571-77. 1991; T. Sano et al.. Bio/Technology 11:201-6. 1993; K. Hofmann 
et al.. Pioc. NaU. Acad. Sci. USA 77:4666-68, 1980). Purified recombinant core 
strepuvidins were stored frozen at -70''C untU used. Homogeneous Stv-13 and Stv-25 
are tetnuners and bind four biotins per molecule as does natural streptavidin. 

The purity of expressed Stv-13 (Figure 7. lane a) and Stv-25 (Figure 7, 
lane b). and natural core streptavidin (Figure 7, lane c) were monitored using SDS- 
PAGE and standarf molecular weight markers (Figure 7. lane d) foUowing purification 
to homogeneity. Analysis of the proteins at different stages of purification shows a clear 
difference in subunit molecular mass (650Daltons; seven amino acid residues) between 
Stv-13 and Stv-25. Namral core streptavidin. purchased commercially (Boehringer 
Mamiheim). also showed a single band on SDS-PAGE with a migration similar to that 
of Stv-25. Terminal sequence analysis of natuial core streptavidin obtained from the 
same souree (E.A. Bayer et al..Biochem. J. 259:369-76. 1989). showed that this natural 
core stiqrtavidin consists of amino acid residues . 13-139. 
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Example 25 Pr^>^in»tinn of Solubility CbamfffPrisTto ofBWfiW^ Proteins. 

To determme the effect of terminal sequences remaining in naniral core 
streptavidin on the solubility characteristics, the solubility of each core streptavidin 
species with and without biotin was investigated by varying the concentration of 
ammonium sulfate or ethanol in the solution. 

Analysis of solubility in the absence of biotin was performed by adjusting 
the coocentiation of each core streptavidin to 5.7nanomoles of subunits per milliliter 



wo 97/1 1 183 PCT/US96/05169 

40 

in IBSl [Tiis*bufrered saline: ISO mM NaCl, 20 mM Tris-HCl, pH 7.4,0.02% NaN,. 
This corresponds to 72 ^/ml for Stv-13 and 76 fig/ml for Stv*2S and natural core 
stieptavidin. . To 100 $j1 of this protein solution, 1.1 ml of an appropriate ammoniuni 
sulfate solution in TBS was added to adjust the final concentration of ammonium sulfate 

S (final strqnavidin concentration, d.48iianomoles of subunits per milliliter). The mixture 
was allowed to stand at 30**C for 30 minutes and cratrifiiged at 2,200 xg for 20 minutes. 
The amount of soluble strqMavidin in the siq>ematant fraction was determined by 
biotin-binding assays described below. The faction of original strqitavidin remaining 
in the supernatant is defined as the relative solubility. 

0 Analysis of solubility in the presence of biotin was performed in a similar 

method to analysis in the absence of biotin. Biotin-binding sites of each core 
streptavidin were saturated by adding an equimolar amount of I>[carbonyl- ^tJ]biotin, 
prior to the addition of an ammonium sulfate solution. The amount of soluble 
streptavidin in the final supernatant was estimated from the radioactivity derived from 

5 bound biotin, determined by liquid scintillation counting. 

Analysis of solubility using ethanol was similar to analysis made using 
ammonium sulfate with two modifications. After the addition of ethanol, the final 
volinne was adjusted to 1.2 ml by the addition of an appropriate ethanol solution to 
make the final protein concentration constant for all samples. After incubation at 30 X 

0 for 30 minutes, centrifiigation was performed at 13»000 x g for 20 minutes. 

The collected solubility data of strqjtavidin with biotin (Figure SB), 
without biotin (Figure 8A) vs. ammonium sulfate and of str^tavidin with biotin (Figure 
8D), without biotin (Figure 8C) vs. ethanol were plotted in Figure 8. The solubility 
characteristics of Stv-13 (•), in ammonium sulfate or ethanol; were almost the same 

IS as those of Stv-2S (o) and natural core streptavidin (a), indicating that the additional 
truncation of the terminal sequences in Stv-13 has no significant effect on the solubility 
characteristics. However, Stv-13 showed an enhanced structural stability compared to 
Stv-25 and natural core str^tavidin. For ^cample, Stv-13 retained more than 80% of 
its biotin-binding ability after incubation in 6 M guanidine hydrochloride at pH 1.5, 

\0 under which conditions, both Stv-25 and natural core strq>tavidin retained only about 
20% of their biotin-binding ability. In addition, Stv-13 showed higher accessibility to 
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DNA one «,«.vidu>. The 4- *o.s U,. «»™»^ 

„^oI«utes fn^ wn-ching W«i.Hbu«ll« *«. p«**s b=>»=e of U»»r 

disordered structure. ^ ^ 

5 Relative solubility of the ttaee co« st«ptavidins. Stv-13. Stv-25 and 

«uu«l core stn^ptavidin. as the concemration of an»n,oiriuin sulftte wasaltered showed 
biphasic changes (Figu«s 8A and 8B); the solubility deceased sharply with increasmg 
concent^tions of ammonium sulfate up to 50% satunUion and then increased w.th 
further increases in ammonium sulfate concentration. In the absence of bioun, Stv-13 
0 showed sbghtly lower solubility than Stv-25 and natural core streptavidin at ammomum 
sulfate conceotmtions up to 50* saturation, but Stv-H had the highest solubility at 90% 
saturation of ammonium sulfate. Biotin binding sUghtly increased *e solubility of the 
core streptavidins in the presence of ammonium sulfate. Similar to the solubUny 
changes in the absence of biotin. Stv-13 showed sUghtly lower solubility than Stv-25 and 
15 natural core streptavidin at ammonium sulfate concentrations up to 50« saturation, but 
had the highest solubility at 70% and 90% saturation in the presence of biotm. 

Three core streptavidins showed high solubility (more than 75%) at 
ethanol concentrations up to 70% in the absence of biotin (Figure 8C). At an ethanol 
concentration of 90%. only about 30% of molecules remained soluble for all of the 
three core streptavidins. Biotin binding had a sUght effect on the solubility of core 
streptavidins (Figure 8D). Thei* is no marked difference in the sohrbility characteristics 
in ethanol among the three core streptavidin species. 

Although Sty-13 lacks two charged amino acid residues. Glu-14 and Lys- 
134 and two polar residues, Ser-136 and Ser-139. which arc present in namnil core 
25 streptavidin, there is no significant difference in solubiHty characteristics among the 
three core streptavidin species. THis indicates that the terminal regions in namral core 
strepuvidins have minimal effects on the solubility characteristics of core streptavidins, 
unlike those of fuU-length streptavidin. 



20 



Example 26 ^ mh Vf "f Proteins in nnanidipie, HYarochlpri<?e . 
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To investigate how the tenninal regions, piesoit on the suiface of natura] 
core stitptavidin molecules, affect the overall stability of streptavidin. urea giaitient- 
PAGE (T.E. Creighton ct al., J. Mol. Biol. 129:235-64, 1979) was perfoimed using 
polyaciylamide gels with a urea concentration gradient from 0 M to 10 M, along with 
5 an acrylamide concentration gradient ftom 12% to 8%. As a control (T.E. Creighton 
ct al., J- Mol. Biol. 129:235-64, 1979). urea gradicnt-PAGE analysis showed a maiked 
decrease in migration of bovine senim albumin at high urea concentrations, indicating 
the unfolding of the molecule caused by urea. However, the three core stiqjtavidins, 
Stv-13,Stv-25and natural core strq>tavidin, showed no appreciable changes in migration 
10 at urea concentrations up to 10 M, indicating the extremely high stnictural stability of 
streptavidin. This also suggested that more dringent denaturation conditions are needed 
to allow a comparison of the stability of core streptavidins. 

Guanidine hydrochloride, a denamrant more potent than urea, was used. 
At high concentrations and very acidic pH, guanidine hydrochloride effectively denatures 
15 streptavictin and releases bound biotin. Biotin-binding ability was used as an estimate 
of the stiuctural stability. 

Structural stability of core strq>tavidins against denaturation was estimated 
from the biotin-bmding ability after incubation in guanidine hydrochloride solutions at 
pH 7.4 and pH 1.5. Stv-13,Stv-25 and natural core streptavidin was incubated at 22 
20 for 10 minutes in 500 of an appropriate guanidine hydrochloride solution (final 
guanidine hydrochloride concMitration, 0 -6.0 M) at a protein concentration of 270 
picomoles of subunits per milliliter (1.7 f«/ml for Stv-13 and 1.8 fig/ml for Stv-25 and 
natural core sti^vidin). Then, 1.4 ^ (680 pmol) of I>-[carbonyl- ^'Clbiotin was added 
to each solution. The mixture was incubated at 22 **C for 10 minutes and streptavidin- 
25 biotin complexes were separated from free, unbound biotin using PD-10 columns which 
had been equilibrated with the same guanidine hydrochloride solution (R.-D. Wei, 
Methods Enzymol. 18A:424-27, 1980). 

Stability data is plotted in Figure 9 where Stv-13, Stv-25, and natural 
streptavidin is represented by (•),( O) and ( a) respectively. Stv-13, Stv-25 and natural 
30 core sti^tavidin (270 picomoles of subunits per milliliter) were incubated at 22 **C for 
10 minutes in guanidine hydrochloride solutions at pH 7.4(A) or L5(B). The biotin- 
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binding ability of each core streptavidin was detemuned by gel ffltnition (R-D. Wei. 
Methods Enzymol. l8A:424-27. 1980). All of the thiee core stieptavidins bound moie 
than 0 96molccules of biotin per subunit at pH 7.4without guanidine hydrochlonde and 
the biotin-binding ability remaining in guanidine hydrochloride is indicated in percent. 
5 At pH 7.4. almost no changes in biotin-binding ability were observed for 

all of the core stieptavidins at guanidine hydrochloride concentrations up to 4M (Figure 
9A) indicating the extremely high structural stability of streptavidin. At 6 M guanidine 
hydrochloride at pH 7.4. the biotin-binding ability of both Stv-25 and natural core 
streptavidin decreased by approximately 20%, while Stv-13 showed ahnost no reduction 
10 in biotin-binding ability. Tlris result imlicates that Stv-13 has a higher stability against 
denaturation by guanidine hydrochloride than Stv-25 and natural core streptavidm. 

The enhanced structural stability of Stv.l3 over Stv-25 and natural core 
streptavidin was observed even more clearly at pH 1.5 (Figure 9B). Stv-13 retained 
almost full biotin-binding ability at guanidine hydrochloride concentrations up to 4 M. 
15 In contrast, Stv-25 and natural core streptavidin lost approximately 1556 of the biotin- 
binding ability at 4 M guanidine hydrochloride. At 6 M guanidine hydrochloride at pH 
1.5. Stv-13 retained more than 80% of the biotin-binding ability, while oiUy about 20% 
of the biotin binding ability was retained with both Stv-25 and natural core streptavidin. 

Stv-13 has an enhanced stability against denaturation by guanidine 
20 hydrochloride when compared with Stv-25 and natural core streptavidin indicating that 
the terminal regions on the surface of natural core streptavidin reduce the overall 
structural stability of streptavidin. 

Example 27 P ii^^ g Ahiiitv of Fxr>rBsscd StrrntaYMin for Bi«ni i iYlaWd PWA, 

FuB-length or only paitiaUy truncated streptavidin has a lower accessibility 

25 to biotinylated macromolecules than natural core streptavidins (E.A. Bayer et al.. 
Biochem. J. 259:369-76. 1989). because of steric hindrance caused by the terminal 
regions which are located on the surface of the molecule. To estimate how the terminal 
sequences of core streptavidin affert the binding to biotinylated macromolecules, the 
biotinylated DNA-binding ability of two core streptavidin species, Stv-13 and natural 

30 core str^tavidin, was investigated. 



# 
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Briefly, an end-biotinylated double-stxanded DNA taiget was mixed with 
coie stieplavidins at various ratios and tfie mixtuies were sqsarated by agarose gel 
electnq>horesis, followed by staining the DNA taigets with ethidium bromide. The 
DNA used was a 3179-lq> linear double-stranded DNA tazg^, in which one of the 3- 

S tennini contains a biotin moiety. This target biotinylated DNA was prqiaied by using 
an Acc I'Hind m fragment of the plasmid pGEM-3Zf(+) (Promega). Biotin was 
incorporated into the Hind HI tenninus by filling-in reactions in the presence of a 
biotinylated deoxynucleotide analog, biotin- 14-dATP (Gibco BRL), as described earlier 
(T. Sano, Science 258:120-22,1992). Core stieptavidin and the biotinylated target DNA 

10 were mixed at various ratios in 10 mM Tris-HCl, pH 8.0, 0, 1 mM EDTA and the 
mixtures were allowed to stand at 37 ^'C for 90 minutes, followed by electrophoretic 
separation on 1 % agarose gels and DNA was staining with ethidium bromide. 

The results of electrophoretic analysis are shown in Figure 10. Lane M 
represents a one kilobasepair molecular weight marker. Lane "0" and lane "Ex" 

15 represents no strqnavidin and a thousand fold excess of streptavidin, respectively. Stv- 
13 and natural streptavidin foim the left and right lanes respectively for each molar 
ratio of 0.25, 0.5, 0.75, and 1 tested. Electrophoretic analysis (Figure 10) shows that 
larger amounts of dimeric (approximately 6.4 kilobasepair) and trimeric (9.5 
kilobasqjair) biotinylated DNA targets, which are connected via single streptavidin 

20 molecules, were fonned with Stv-13 than with natural core strq>tavidin at any molar 
ratio of streptavidin subunits to biotin used. Correspondingly, smaller amounts of DNA 
targets without streptavidin or with single strqptavidin molecules (only slightly retarded 
from DNA targets without streptavidin which were not well resolved under the 
electrophoresis conditions used) were observed with Stv-13. Although this analysis is 

25 not quantitative, the result indicates that Stv-13 has an enhanced binding ability for 
biotinylated DNA over natural core streptavidin. Enhanced binding ability of Stv-lSfor 
biotinylated DNA reveals that the terminal regions, present on the surface of natural 
core streptavidin molecules, sterically hinder the biotin-binding sites and prevent 
biotinylated macromolecules from approaching the biotin-binding sites due, presumably, 

30 to their disordered stiucmre. 
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Example 28 Wintin Binding A \n} ^ nf Ri>nre«u»rt and NatHial SggPaVMliP ■ 

Biotin binding ability of expressed and natural Stnsptavidin was 
dctcnnined by gel filtration (R-D. Wei. Methods Enzymol. l8A:424-27. 1980). Natural 
stieptavidin were purchased commercially (Bochringer Mannheim). Stv-13and Stv-25 
5 and natural core streptavidin bound more than 0.96 molecules of biotin per subunii. 
iiuUcating that these core streptavidins have fiiU biotin-binding ability. Gel filtration 
chK,matography at 22«>C using a 1.6 by 85s*ntimeier Sephacryl S-300HR column 
showed that each of these core streptavidins is tetnroeric and free from aggregate 
formation. 

10 Example 29 rmitfniction nf rtosslinkrd StremavidilL. 

TUe streptavidin tetramer is fomed by interdigitating two symmetric 
dimers which are held together primarily by relatively weak van der Waals interactions. 
In contrast, two subunits are comiected tightly by hydrogen bonds and van der Waals 
forces to form a symmetrical dimer. Thus, a streptavidin tetramer has two different 
15 subunit mterfaces; one is the stable subunit interfece in a symmetric dimer and the other 
is the weaker interface between two stable symmetric dimers (W.A. Hendrickson et al., 
Proc. NaU. Acad. Sci. USA 86:2190-94. 1989; P.C. Weber et al.. Science 243:85-88. 
1989). Since strong biotin binding requires the contacts made by adjacem subunits to 
biotin through the dimer-dimer interface, the disruption of the tetramer along the 
20 weaker dimer-dimer interface might lead to the release of biotin from streptavidin. 

The known three-dimensional structure of the protein (W.A. Hendrickson 
et al..Pioc. NaU. Acad. Sci. USA 86:2190-94,1989; P.C.Weber et al.,Science 243:85-88, 
1989) shows that His-127 of one subunit faces the same amino acid of the adjacent 
subunit across the dimer-dimer inteifece. This shows diat amino acid substituUons at 
25 position 127 could be used to introduce a covalent bond between subunits through the 
dimer-dimer interface, resulting in die formation of two-chain tetrameric streptavidins. 
Because of the covalent bonds between subunits, prevention of dissociation of the 
tetramer along the dimer-dimer interface would enhance stability of the tetramer. 

Three independent amino acid substitutions were carried out by replacing 
30 His-127 with cysteine, lysine or aspartic acid. Stv-C127. which contains a unique cysteine 
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residue at position 127, was designwl to getmate two species of two^hain tetrameiic 
streptavidins. One construct has a disulfide bond between adjacent subunits through the 
dimer-diroer interface; the other contains an ineversible oovalent bond between the two 
sulfhydryl groups. Stv-K127 was designed to crosslink two Lys-127 across the dimer- 
S dimer interface by using amino-specific homobifunctional crosslinkers. Stv-D127 was 
designed to mate a hybrid fl[rq)tavidin with StV'K127. This hybrid protein would have 
eiihanced subunit association across the dimer-dimer interface by electrostatic 
interactions between the eamino group of Lys-127 of one subunit and the /3-carboxyl 
group of Asp- 127 of the adjacent subunit. This molecule should also allow the 

10 formation of an amide bond between these two residues by chemical crosslinking. 

Expression vectors were constructed using standard techniques (J. 
Sambrook et ai., Molecular Cloning: A Laboraiory Manual ,2nd ed., Cold Sphng Harbor 
Laboratory Press, Cold Spring Harbor, NTY, 1989). mpSA-29, derived from M13mpl8, 
which codes for a core streptavidin (W.A. Hendrickson et al., Proc. Natl. Acad. Sci. 

15 USA 86:2190-94, 1989; C,E. Argara m et al., Nucleic Acids Res. 14:1871-82, 1986; Pahler 
et al., J. Biol. Chem. 262:13933-937, 1987; E.A. Bayer et al.,Bibchem. J. 259:369-76, 
1989; T. Sano et al.,Proc. Natl. Acad. Sci. USA 87:142-46,1989) containing amino acids 
16 to 133 as a starting material (T. Sano et aI.,Proc. Natl. Acad. Sci. USA 92:3180-84, 
1995). Mutations were introduced into the coding sequence of mpSA-29 with an 

20 oligonucleotide-dirBcted in <virro mutagenesis system (Amersham) (J.R. Sayers et al., 
Nucleic Acids Res. 16:791-802, 1988). Three sets of mutations were introduced 
separately into a codon for His-127 (CAC): (i) CAC - > TGC for Cys; (ii) CAC - > AAA 
for Lys; and (iii) CAC -> GAC for Asp. The coding sequence containing the desired 
mutations was cloned into the Nde I site of pET-3a under the control of ^10 promoter 

25 (F.W. Studier et al.. Methods Enzymol. 185:60-89, 1990). The resulting expression 
vectors, pTSA-C127, pTSA-K127 and pTSA-33 encode the streptavidin mutants Stv- 
C127, Stv-K127 and Stv-D127, in which His-127 is r^laoed by Cys, Lys. or Asp, 
respectively. 



Example 30 Expression and Purification of Str eptavidin Mutants 




PCTrtJS9«/05169 
WO 97/11183 

47 

Streptavidin mutants were pioduced in £. coZi by using the T7 expression 
system (F.W. Studier et al., Methods Enrymol. 185:60-89. 1990). as pieviously described 
(T Sano et al.. Pioc. Natl. Acad. Sci. USA 87:142-16, 1989). Tbe expressed products 
of BU21(DE3)(pLysE)(p'reA-C127) (Figure 11 lane Q, BUl(DE3)(pLysE)(pTSA- 

5 D127) (Figure 11 lane D). BL21 (DE3) (pLysE) (FTSA-K 1 27) (Figure 11 lane E), a 
negative control, BL21(DE3)(pLysE) (Figure 11 lane b) and molecular weight maikers 
(Figure 11 bine A) were analyzed by SDS-PAGE and shown in Figure 11. Two time 
points, at zero hours and five hours after induction, were taken for each sample and the 
arrow indicates the location of expressed streptavidin. 

10 Expression of each streptavidin mutant was carried out as described by 

Sano and Cantor (Proc. Natl. Acad. Sci. USA 87:142-46, 1989) using BI21 (DE3) 
(pLysE) carrying an expression vector (F.W. Studier et al.,Methods Enzymol. 185:60-89. 
1990). Purification of each mutant foUowed the method of Sano and Cantor (Proc. Natl. 
Acad. Sci. USA 87:142-46, 1989). which includes 2-iminobiotin affinity chromatography 

15 (K. Hoftnann et al., Proc. NaU. Acad. Sci. USA 77:4666-68, 1980). For Stv-C127. 2- 
mercaptoethanol was included in all solutions to prevent disulfide bond fonnation during 
purification (T. Sano et al. . Bio/Technology 11:201-6,1993). 

Stv-C127 and Stv-K127 were purified to horoogennty by a ample 
purification procedure (T. Sano et al.. Proc. Natl. Acad. Sci. USA 87:142-46. 1989) 

20 including 2-iminobiotin affinity ctarnnaiogiaphy. Each of Uiese two proteins fomed a 
s&ble subunit tetiamer. In contrast. Stv-D127 fonned insotable aggregates when 
renatuied, indicating that this protein alone cannot fonn a stable tetramer. 

Example 31 »»»T»r«tinn o f Reversible and IirgveTsible TWff-Cbaw Tfttnungng 
.Streptavidiii s "«inf Stv-C127. 

25 The cysteine residues at position 127 of Stv-C127 were oxidized by the 

removal of reducing agents. SDS-PAGE analysis (Figure 12) in the presence of 
molecular weight markers (Figure 12, lane 3) demonstrates that sulfhydryl groups of 
adjacent subunits across the dimer-dimer interface were crosslinked at approximately 
100% efficiency (Figure 12, lane 1). upon the removal of 2-mercaptoethanol by 

30 lyophilization. Disulfide bonds were readily dissociated by the addition of DTT (Figure 
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12. lane 2). Similar results were obtained with tbis protein after oxidation with 
hydrogen peioxide. Fonnation of a disulfide bond between two cysteine residues 
diowed no apparent effect on the biotin^)inding ability of this protein. n» successful 
reverable linkage of sulfhydiyl groups across the dimer-dimer interface reveals that the 

5 two cysteines residues are located in dose proximity allowing the fonnation of a 
disulfide bond through the dimer-dimer interface. 

Oxidation of Stv-C127 was attranpted to make a reversible two-chain 
tetiamer. Disulfide bonds between the SH groups of Cys-127 across the dimer-dimer 
interface were fbnned by lyophilizing Stv-C127 to remove 2-mercaptoethanol that had 

10 been used to prevent disulfide bond fonnation during purification. Disulfide bonds were 
also fomied by treating the protein with 0.15% hydrogen peroxide at room temperaoire 
( -22 °C) for 90 minutes. After disulfide bond fonnation, proteins were dialyzed against 

water and stored at 4°C. 

The formation of an irreversible covalent bond between two sulfhydryl 
15 groups through the dimer-dimer interface by using the irreversible crosslinker 1,3- 
dibromoacetone was perfonned at more than 90% efficiency. 1,3-dibromoaoetone 
compound reacts first with a sulfhydryl group and then with another nucteophUe within 
a S-Aradius (S.S.Husain et al..Biochem. J. 110:53-57, 1968; S.S.Husain et al.,Chem. 
Commun. 310-311. 1968). Fbnnation of irreversible covalent bonds between cysteine 
20 residues requires protected sulfhydryl groups. TWs was accompUshed by resuspoiding 
lyophilized Stv-C127 (3 /«) in 6 of 5 mM DTT in 100 mM potassium phosphate (pH 
7.8) (R.W. Hroz et al., Prot. Sci. 1:1144-53. 1992). After incubation at room 
tempeianire for one hour, the DTT concentration was reduced to 1 mM by the addition 
of 100 mM potassium phosphate (pH 7.8).Then. 10 ^ of 1.3-dibromoacetoiie dissolved 
25 in ethanol woe added to a final concentration of 2 mM. The reaction mixture was 
incubated at room temperature for 15 minutes in the dark and then the reaction was 
terminated by the addition of DTT to a fmal concentration of 5 mM. Resulting proteins 
were dialyzed against water and stored at 4-C. SDS-PAGE analysis of crosslinking of 
Stv-C127 with 1,3-dibromoacetone is shown in Figure 13. Lane 1 represents Stv-Cl27 
30 in the presence of DTT and Lane 3 shows Stv-C127 after crosslinking with 1,3- 
<tibromoacetone. The SDS-PAGE analysis was performed in the presence of molecular 
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weight Sudanis (laBe 2) and the subunit dhn«s itap) and monomers (bo«om) a« 
shown byanows. AU the samples weie ain,licd to gds after boiling for two n«n«^^ 
pioteins in the gel weie stained with Cooouissie brilliant blue. Hus analyse shows 
ehe Lation of crosslink subunit dimers at a nio« than 90% efficiency. Formauon 
5 of an ineversiT,lecovalent bond between two sulfhydrylgnmpsh^^ 

biotin-binding ability. 

Example 32 ^ ^^'^ .f^^vMm wjfli Tm<^bunit rm^ ^ lilUn minp .5TV-^^127 ■ 
Stv-K127 was designed to make a crosslinked streptavidin, in which an 
inevendble covalent bond isfonned between the .amino gioups of Lys- 127 residues of 
adjacent subuni«> through the dimer^er interface. Several amino-specilic 
homobifunctionai crosslinkers we« tested. SDS-PAGE of crosslinked products wrth 
bis(sulfbsuccinimidyl)subemte (Pien:e Chem. Co.; St. lx,uis, MO), an irreversible 
cn,ssUnker with a spacer arm length of 114 A, showed several bands correspondmg to 
subunit dimers. trimers and tetramers and higher molecular weight aggregates, indicatmg 
that both inter- and intramolecular crosslinking occurred. Amino-specific crossbnkers 
with a shorter spacer such as dimethyladipimidate-2HCl (spacer = 8.6 A).disuccinimidyl 
glutarate (spacer = 7.7 A) and n-hydroxysuccinimidyl 2.3-dibiomopropionate (spacer - 
5 0 A) (Pierce Chem. Co. ; St. Louis. MO) were tested to see if nonspecific crosslinkmg 
reactions could be reduced. Although the formation of higher molecular weight 
aggrega^s was .educed, subunit trimers and tetramers were still formed, in addition to 
subunit dimers. Hiese results indicate that Stv-K127 was unable to make specific 
crosslinks between Lys-127 residues through the dimer-<limer interfece. using amino- 
specific homobifunctionai crosslinkers tested. 



Example 33 oniT i'"^"" nfTetramerir Hybrid Str r m a viffin pf Stv-Pl?7 ^^d S^-K127. 
25 Stv-D127 was used to make a hybrid tetramer consisting of Stv-K127 and 

Stv.D127. Stv-D127 alone forms insoluble aggregates and cannot make a stable 
tetramer. However, if a mbaure of Stv.D127 and Stv-K127 was renatured, a hybrid 



15 



20 



W0 97/111S3 



PCTAJS96/05169 



SO 

teoamer, oonsistiiig of Stv-D127 and Stv-K127 subunits, would be piefeiefltially formed 
over a tetiaineric Stv-K127, because such hybrid stieptavidin would bave a more stable 
subunit association than Stv-K127 due to an enhanced electrostatic attraction between 
the ^H:aiboxyl group of Asp-127 of one subunit and the e-amino group of Lys-127of the 
S adjacent subunit that should be positioned at the dimer-dimer interface. Excess Stv- 
D127 over Stv-K127 was used to prevent the formation of Stv-K127 homotetiamers. 

To investigate if a hybrid tetramer had successfully been made, the 
purified protein was compared with Stv-K127 and natural core strq^tavidin (Boehringer 
Mannheim) by SDS-PAGE and shown in Figure 14. In the SDS-PAGE analysis, natural 

10 core streptavidin (lane 1), Stv-K127 (lane 2) and Stv-DK127 (lane 3) without biotin or 
heat treatment were loaded into adjacent lanes. Comparison of the migration of these 
proteins indicated that the purified protein consists of a single species and migrated 
faster than Stv-K127 and natural core streptavidin. The faster migration of the purified 
protein than Stv-K127 shows that this protein consists of both Stv-DI27 and Stv-K127 

15 and thus this protein is termed Stv-DK127. 

Preparation of a hybrid streptavidin tetxamer was attenspted by mixing 
crude Stv-D127 and Stv-K127 in 7 M guanidine hydrcx;hloride (pH 1.5) at an 
approximately 4:1 ratio, followed by renaturation by removal of guanidine hydrcx:hloride. 
The subsequent purification procedure was the same as described above. Purified 

20 protein wasdialyzed against water and stored at 4^. A zero-length crosslinker, l-ethyl- 
3-[3(dimethylamino)prppyl]caxbodiimide (EDC), was used to cross-link the ^carboxyl 
group of A^127 of one subunit with the eamino group of Lys-127 of an adjacent 
subunit. Sulfo-N-hydroxysuccinimide (sulfo-NHS) (Pierce Chem. Co.; St. Louis, MO) 
was used to improve the conjugation efficiency (J.V. Staios et ai., Anal. Biochem. 

25 184:244-48,1986). Approximately 60 pmoles of purified protein were lyophilized and 
then dissolved in 100 mM 2-N-morpholinoethanesulfonic acid (MES) (pH 5.0), 5 mM 
sulfo-NHS, 30 mM HDC. Relatively low protein concentrations were used during cross- 
linking reactions to minimize the formation of higher molecular aggregates. 
Crosslinking reactions were carried out at room temperature for three hours and then, 

30 SO mM hydroxylamine-HCl was added to quench the reaction and regenerate unreacted 
carboxyl groups. The crosslinked protein was dialyzed against water and stored at 4K!. 
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Example 34 TTrt'f'' ^ m^-^'" ^rith InrvmiMe InffTjUnimit TlTIKUPta- 

To demoDstnte that the streptavidin constnict. piepaied from a mixture 
of Stv-DI27 and Stv-K127 is a hybrid tetiamer. the caitocyl and amino side chains of 
amino acid 127 of adjacent subunits was crosslinked using the zennlength cmsslinkcr 
5 EDC (l^ylO-[3-(dimethybunino>propyl)caibodiimide: Pierce). SDS-PAGE analysis 
was perfomed on Stv-K127 and Stv-DK127 before and after crosslinking. 
UncTosslinked Stv-K127 (lane 1). Stv-K127 after crosslinking with EDC (lane 2). 
molecular mass standard proteins (lane 3), uncrosslinked Stv-DK127 (lane 4) and Stv- 
DK127 after crosslinking with EDC was analyzed in adjacent lanes on a single SDS- 
PAGE gel (Figure 15). Subunit dimers (top) and monomers (bottom), shown by arrows 
in Figure 15, can easUy be distinguished in SDS-PAGE because of their differences in 
migration velocities, m electrophoretic analysis shows that more than 80% of the 
subunits formed crosslinked dimers (lane 5). Similar reactions were carried out on Stv- 
K127 homotetramers, but no such products were observed (hine 2). high efficency 
of crosslinked dimer formation reveals that this streptavidin construct is a hybrid 
tetnuner, in which different subunits are positioned at the dimer-dimer interfece at a 
mio of Stv-D127 to Stv-K127 of almost one (termed Stv-DK127). This ratio is quite 
reasonable because tetramers, in which these two different subunits face each other at 
the dimer-dimer interface. shouW be electrosutically more stable than other possible 
combinations. Crosslinking of Stv-DK127 reduced its biotin^inding ability by 
approximately 10«. suggesting that other crosslinking reactions also occurred within the 
protein. 

Kecenfly, hybrid tetiameric streptavidins have been made by reoamring 
a mixture of two different denanired subunit species. In one scheme, a denatured 
subunit dimer. comiected via a disulfide bond between the two Cys-127 residues, which 
is very similar to Stv-C127 in this study, is used as one of the components to limit the 
subunit composition and configuration of the resulting tetramers. These methods 
generate mixed populations of tetrameric streptavidins. and thus the purification of the 
hybrid tetramer species of interest from the others is needed. In contrast, Stv-DK127 
can be self-assembled during renaturation in solution, leaving non-associated Stv-D127 
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piedpitated. Thus, a single hybrid tetiamer species can be obtained without the need 
for further purification. 

Although all of the ciossUnked streptavidins are able to bind biotin, the 
introduction of covalent bonds across the dimer-dimer interface might affect the binding 
5 to biotinylated maciomolecules, because across the dimer-dimer interface might affect 
the binding to biotinylated macromolecules, because reduced structural flexibility around 
the biotin-binding site, potentially caused by the intersubunit crosslinks, might affect the 
binding to biotin attached to bulky macromolecules. To test this, each crosslinked 
streptavidin was analyzed for its ability to bind an end-biotinylated 18 base DNA. Non~ 
10 denaturing PAGE analysis of streptavidin-biotinylated DNA mixtures indicates that 
there is no apparent difference in the amount of bound biotinylated DNA among the 
crosslinked streptavidins and namral core strq)tavidin. This shows that the introduction 
of covalent tx>nds through the dimer-dimer interface has little effect on the ability to 
bind biotinylated macromolecules. 

15 Example 35 Thermal Stability of Streotavidin Mutants 

All of the crosslinked streptavidins and natural core streptavidin were 
heated in the absence of biotin to see if the intnxluction of covalent bonds or the 
electrostatic interaction at the duner-dimer interface could enhance the thermal stability 
of streptavidin. Each streptavidin constnict was heated to temperatures up to 95 "XT, 

20 kept at these temperatures for 10 minutes, and cooled to 25 The resulting protein 
samples were subjected to SDS-Page analysis and biotin-binding assays. 

In SDS-PAGE analysis, streptavidin samples after heat treatment were 
aqjplied to gels without boiling to maintain the tetrameric striicture (Figure 16, A-E). 
Proteins were stained with Coomassie brilliant blue or by silver staining, and the 

.25 amounts of tetrameric molecules were quantitated by densitometry (Figure 17). Most 
of natural core streptavidin (74%) dissociated into monomers at 80 (Figure 16A). 
In contrast, Stv-C127 with disulfide bonds maintained the tetrameric structure at 80*tZ 
(Figure 16B). Even at 95*X:,26% of these molecules remain tetramimc. Stv-C127 with 
irreversible crosslinks rraiained tetrameric at 80**C (Figure 16C). After heating to 90^, 

30 a fraction of this construct dissociated into subunit dimers and the remaining molecules 
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formed aggrega«». Unciosdinked Stv-DK127 dissociated almost completely into 
monomers at 70-C (Figure 16D). suggesting that the electrostatic attraction between the 
side chains of Lys-127 and Asp-127 at the dimer-dimer interface is not strong enough 
«, maintain the tetrameric structure under the heating conditions used. Ciosslinked Stv- 
5 DK127 (Figure 16E) was more stable at 70«Cthan its uncrosslinked derivative, mtauung 
more than 70% of its tetrameric structure at 70 "C. The reduced amount of protem 
migrating into the gel about 25 "C is caused by the formation of high molecular 
aggregates. 

To determine the biotin-binding ability of strcptavidin constructs after heat 
10 treatmem. each streptavidin sample was mixed with excess I>-[caibonyl- >t:]biotin. and 
unbound biotin, separated by nitration, quantitated. The remaining biotin-bmdmg 
ability of each streptavidin construct after heat tream.em was determined and is plotted 
as a function of heating tempemmre. THe values for natural core strepuvidin ( a). Stv- 
C127 with disulfide bonds <□). Stv-C127 crosslinked with 1.3 dibiomoacetone (■). 
15 uncrosslinked Stv-DK127 (O) and crosslinked Stv-DK127 (•) «e superimposed on 

Figure 18 for cbmpaiison. 

nie intfxjduction of covalent bonds across the dimer-dimer interface 
enhances tiie thermal stability of streptavidin. making it more resistant to both subunit 
dissociation and loss of biotin-binding ability. TTie amoum of tetrameric molecules after 
20 heat treamient (Figure 17) shows a very high correlation with tiie remaining biotm 
binding ability suggesting that tiw maintenance of Uie tetrameric structure is essenual 
for streptavidin to retain its biotin-binding ability. 

Example 36 '»T'"'"'^ r S»' W >-''''"" Mutants in Guwdine HydrogMprids 

To test the stability of each streptavidin construct against denawration by 
25 guanidine hydrochloride, each streptavidin construct was samrated witii biotin and 
incubated in 7 M guanidine hydrochloride (pH 0.89). Th^ amount of biotin remaining 
bound was quantitated after the separation of free, released biotin. 

Natural core strcptavidin was least stable among tiw molecules tested, 
retaining only 35% of bound biotin. Stv-C127 with disulfide bonds across the dimer- 
30 dimer interface retained approximately 40% of bound biotin. whereas Stv-Cl27 witii 
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inevcfsible covalent bonds retained approximately 48% of bound biotin. Uncrosslinked 
Stv-DK127 and its crosslinked derivative were the most stable of the five protein species 
tested, retaining almost 70% of bound biotin (Figure 17). These results show that the 
introduction of covaloit bonds between adjacent subunits through the dimer-dimer 
5 interface and the enhanced electrostatic attraction between the side chains of Lys-127 
and Asp- 127 at the dimer-dimer interface contribute to the stability of the streptavidin 
tetramer in guanidine hydrcx:hloride. 

Each streptavidin construct (approximately 160pmoles) was incubated for 
20 minutes in 15 /J of l>[8,9-^biotin (47 Ci/mmol; Amersham) to fill approximately 
10 22 pmoles of the biotin-binding site, followed by the addition of 2 ^ of unlabeled biotin 
to saturate the remaining biotin binding sites. 983 /d of 7 M guanidine hydrochloride 
(pH 0.89) was added and the mixture was incubated at room temperature for 90 
minutes. Control experiments were perfonned by incubating proteins in 150 mM NaCl. 
50 mM ammonium acetate (pH 6.0) without guanidine hydrochloride. Released biotin 
15 was separated . from streptavidin-biotin complexes by using Ultraftee-MC centrifugal 
filter units (Millipore) with a molecular mass cutoff of 10 kDa and quantitatcd by Uquid 
scintillation counting. 



Example 37 Binding of Biotinvlated DNAs> 

Although all of the two chain-tetramers are able to bind biotin, the 

20 introduction of covalmt bonds across the dimer-dimer interface would affect the binding 
to bioiinylated macromolecules. To test this, each two-chain letrameric streptavidin was 
mixed with an end-biotinylated 18-base oligonucleotide and analyzed by non-denaturing 
PAGE (Figure 18). Each mixture contained monomeric, dimeric, trimeric and 
tetrameric biotinylated taigets DNA, bound via single streptavidin molecules. There was 

25 no significant differaice in the amounts of these bound biotinylated DNA molecules 
among two-chain tetrameric streptavidins and natural core streptavidin. Although this 
analysis was not quantitative, tliese results indicate that the introduction of covalent 
bonds through the dimer-dimer interface has no appreciable effect on the ability of the 
two-chain tetramers to bind biotinylated macromolecules. 
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Each lyophilized strcptavidin constiuct was mixed with a l:100n.olar ratio 
of an end-biotinylaled 18-base DNA in 4.5 M NaCI «id the mixtuie was incubated for 
two hours. Streptavidin-biotinylated DNA complexes were desalted and electrophoresed 
through a 15% non^turihg gel (J. Sambiook et zl.,MoUcular Cloning: A Latorcaory 
5 McnuaLlnA Ed..Cold Spring Harix,r Labonlory Press. Cold Spring Harbor. NY, 1989). 

IntfXKluction of covalent bonds between subunits across the duner-duner 
interface enhances the overaU stability of the streptavidin tetramer with Utile effect on 
the biotin-binding ability. The enhanced ability of twc^hain tetramers to retain b.onn 
shows that the disruption of the tetnuner along the dimer-dimer interface is one of the 
10 causes that can be associated with the release of biotin from streptavidin. THese two 
chain teti^eric streptavidins are useful in bioanalytical appUcations. For example, 
immobilization of these proteins on solid surfaces would provide stable binding of 
biotinylated macromolecules. because the enhanced stability of the tetramer would 
prevent the release of such biotinylated biomolecules. caused by the subunit dissociation 
15 or loosening of subunit association within a streptavidin tetramer. 

Other embodiments and uses of the invention will be apparent to those 
skiUed in the ait from consideration of the specification and practice of the invention 
disclosed herein. AU documents including U.S. patents and patem appUcations disclosed 
herein are specificaUy incorporated by reference. The specification and examples should 
20 be considered exemplaiy only with the tnie scope and spirit of the invention indicated 
by the following claims. 
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qaim; 

1. A ^KtKyj^ stieptavidin protein comprising at least most of the streptavidin 
amino add sequence from positions 21 to 130. 

2. The sti^tavidin protein of claim 1 which binds to at least about 0.80 molecules 
5 of biotin per subunit in 6 M guanidine-hydiochloride at pH 7.4. 

3. The streptavidin protein of claim 1 which binds to at least about 0.90 molecules 
of biotin per subunit in 6 M guanidine-hydiochloride at pH 7.4. 

4. The strepuvidin protein of claim 1 which binds to at least about 0.80 molecules 
of biotin per subunit in 4 M guanidine-hydrochloride at pH 1.5. 

10 5. The stx^tavidin protein of claim 1 which binds to at least about 0.70 molecules 
of biotin per subunit in 6 M guanidine-hydrochloride at pH 1.5. 

6. The streptavidin protein of claim 1 which is substantially soluble in less than 80% 
ethanol. 

7. The streptavidin protein of claim 1 which is substantially soluble in up to 90% 
15 ammonium sulfate. 

8. The streptavidin protein of claim 1 wherein each subunit consists essentially of 
an amino acid sequence from position 16 to 133 of stiiq>tavidin. 

9. The streptavidin protein of claim 8 which is a dimer or a tetiamer. 

10. A streptavidin peptide consisting essentially of an amino acid sequence of 
20 streptavidin from position 14 to position 138. 
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^. ««,««rina essentiaUy of an amino arid sequence of 

11. A streptavidin pqmde consisting esseuu-ujr 

strepuvidin from position 16 to position 133. 

12 A st^pcavidin peptide comprised of at least most of the amino acid sequence of 
su^iavidin from about positions 21 to 130 with a deleUon of the sequence fiom about 

5 positions 113 to 120. 

13 A stn^puividin peptide comprised of at least most of the amino acid sequence of 
stn^uividin from about positions 21 to 130 with one or more cysteines attached to a 
terminus of the protein. 

14. The streptavidin peptide of claim 13 which possesses 5 cysteines atuched to a 
10 caiboxyl tenninus. 

15 A stn^vidin peptide comprised of at least most of the amino acid sequence of 
sa^tavidin from about positions 21 to 130 with one or mon: cysteines attached to a 
cartK,xyl terminus, a lysine at position 127 and a deletion of the sequence from posiuons 
113 to 120. 

15 16. A streptavidin protein comprising the streptavidin peptide of cUum 10. 11. 12. 13 



or 15. 



17. The streptavidin protein of claim 16 which is substantiaUy soluble in up to 90% 
ammonium sulfate and less than 80% ethanol. 

18. THe streptavidin protein of claim 16 which is a dimer or a tetiamer. 

20 19. A nucleic acid sequence which encodes the streptavidin peptide of claim 10,11, 
12, 13 or 15. 
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20. The nucleic acid of claim 19 fuitha- oompxising sequences which allow for the 
expression of Che streptavidin pq>tide in a cell. 

21. A recombinant cell which contains the nucleic acid sequence of claim 19. 

22. The recombinant cell of claim 21 which is prokaiyotic or eukaiyotic. 
S 23. A strqitavidin protein having an increased biotin-binding affinity. 

24. The stiiq)tavidin protein of claim 23 wherein the increased biotin-binding affinity 
is between about 10'^ M ^ to about 10 ^*M ^ 

25. A streptavidin protein having a reduced biotin-binding affinity. 

26. The strqitavidin protein of claim 25 wherein the reduced biotin-binding affinity 
10 is between about 10"M 'to about lO^'M '. 

27. The streptavidin protein of claim 23 or 25 which is a dimer or a tetramer. 

28. A strq>tavidin peptide having an amino acid sequence of streptavidin that 
contains at least most of the amino acids from about position 79 to about position 120 
of streptavidin wherein a tetnuneiic streptavidin protein comprising said protein has a 

IS reduced biotin-binding afTinity. 

29. The streptavidin peptide of claim 28 wherein the amino acid at position 79, 92, 
108 or 120 of said amino acid sequence has substantially less hydrophobicity than 
tryptophan. 



30. The strqnavidia peptide of claim 29 wherein the amino acid having substantially 
20 less hydrophobicity is selected from the group consisting of methionine, proline, 
isoleucine, leucine, valine, alanine, glycine and phenylalanine. 
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31 The streptavidin peptide of claim 29wheiein U.c amino acid having substantiaUy 
lesshydn^hobicity isselected ftom the gn,up consisting ofphenylalanine. phenylalanme 
derivatives and modification thereof. 

32. -me stieptavidin peptide of claim 28 wherein the amino acid sequence consists 
5 essentially of a coie sireptavidin. 

33 -me stteptavidin peptide of claim 28 wherein the amino acid sequence consists 
essentially of at least most of the amino acid sequence from positions 13 to 139. 14 to 
138 or 16 to 133 of streptavidin. 

34 The streptavidin peptide of claim 28 wherein the amino acid sequence comprises 
10 at least most amino acid sequence from about positions 5 to 120 of streptavidm. 

35. A streptavidin peptide comprising an amino acid sequence of st«ptavidin 
containing an aspartic acid at position 127. 

36. A streptavidin peptide comprising an amino acid sequence of streptavidin 
containing a lysine at position 127. 

15 37. A streptavidin peptide comprising an amino acid sequence of strepuvidin 
containing a cysteine at position 127. 

38 The streptavidin peptide of claim 35, 36 or 37 wherein the amino acid sequence 
consists essentially of at least most of the amino acid sequence from about positions 13 
to 139, 14 to 138 or 16 to 133 of streptavidin. 

20 39. A nucleic acid sequence which encodes the streptavidin peptide of claim 35, 36 



or 37. 
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40. The nucleic acid of claiin 39 fuitb^ compming one or more sequences which 
allow for the expression of the stieptavidin protein in a cell. 

41. A recombinant ceU which contains the nucleic acid sequence of claim 40. 

42. The recombinant cell of claim 41 which is prokaryotic or eukaryotic. 

43. A streptavidin protein comprising a first streptavidin peptide with a lysine at 
position 127 and a second strqptavidin pqptide with an aspaxtic acid at position 127. 

44. A streptavidin protein comprising a plurality of strqjtavidin peptides containing 
a cysteine at position 127. 

45. The sti^tavidin protein of claim 43 or 44 which comprises 2 or 4 streptavidin 
peptides. 

46. The stieptavidin protein of claim 43 or 44 wherein the strq>tavidin peptides are 
streptavidin core p^tides each of which consists essentially of at least most of the 
amino acid sequence from about positions 13 to 139, 14 to 138 or 16 to 133 of 
streptavidin. 

47. The streptavidin protein of claim 43 or 44 which retains greater than about 90% 
of bound biotin at dO^'C. 

48. The streptavidin protein of claim 43 or 44 which retains greater than about 80% 
of bound biotin at 60 X. 



20 



49. The streptavidin protein of claim 43 or 44 which retains greater than about 50% 
of bound biotin at 80^. 
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««-.in of claim 43 or 44 wherein the streptavidin peptides are 

50. The streptavidin protein or ciaun ui 

cross-linked. 

. •« ««,mised of two domains each of which contains two 

51. A stiq>tavi(lin protein compnsea oi iwa uuuuu*. 

streptavidin peptides wheiein said domains are cross-linked. 
5 52. The stn^vidin protein of claim 50 or 51 wherein cross-linking is perfo™^ 
treatment with a cross-Unking agent. 

53. The streptavidin protein of claim 52 wherein the cross-linking agent isan amino- 
specific, homobifunctional cross-linker. 

54 The streptavidin protein of claim 52 wherein the cross-linking agent is 13- 
.0 dibromoacetone. hissulfo(succinimidyl)suberate. dimethyladipimidate. d^dyl 

glutarate, „-hydroxy-succinimidyl 2.3-dibromopropionate or l-ethyI-3-[3 
(dimethylamino)propyll- carbodiimide. 

55 A dimeric streptavidin protein comprised of at least mort of the amino acid 
sequence of streptavidin from about positions 21 to 130 with a deletion of the sequence 

15 from positions 113 to 120 and having a lysine at position 127. 

56. The dimeric streptavidin protein of claim 55 further comprising one or more 
cysteines attached to a terminus of the protein. 

57 The dimeric streptavidin protein of claim 55 wherein the streptavidin sequence 
consists essentially of the amino acid sequence fh,m positions 13 to 139. 14 to 138 or 
20 16 to 133 of streptavidm. 

58. The dimeric streptavidin protein of claim 55 which has a biotin-binding affinity 
of less than about 10* M ^ 
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59. A heterotetramer or homotetramcr of streptavidin comprising the dimeiic 
strqytavidin piotein of claim SS. 

60. Hie strqstavidin protein of claim 1, 16« 23, 25, 43, 44, 51 or 55 which is coupled 
to a solid suppojt. 

5 61 . The stieptavidin protein of claim 60 wherein the solid support is selected from 
the group consisting of surfaces of plastic, glass, ceramics, silicon, cel41ulose, gjsls and 



62. The strq)tavidin protein of claim 60 wherein the solid support is selected from 
the group consisting of beads, tubes, chips, resins, plates, wells, films, sticks, magnetic 



63. The strcptavidin~ protein of claim 1, 16, 23, 25, 43, 44, 51 or 55 which is coupled 
to a biological agent. 

64. The streptavidin protein of claim 63 wherein the biological agent is an antibody. 



15 65. The str^tavidin protein of claim 64 wherein the cell is a mammalian, bacterial, 
parasitic, insect, fungal or yeast cell. 

66. A solid phase method for purifying a target from a heterogeneous mixture 
comprising biotinylating said Qirget, contacting the heterogenous mixture to a solid 
support to which is attached the streptavidin protein of claim 1, 16, 23, 25, 43, 44, 51 or 
20 55, and purifying the target. 



metal. 44 



10 beads, porous membranes and combinations thereof. 



an antigen, a hormone, a phannaceutical, a cytokine or a cell. 



67. The method of claim 66 wherein the target is selected from the group consisting 
of proteins and protein precursors, nucleic acids and nucleic acid precursors. 
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cartK,hydnUes. ccUs. lipid vesicles, biological saniples. phamaceuticals and inorganic 
particles. 

68 nie method of claim 67 whenMn the piotein isselected from the group consisting 
of cytokines, hormones, surface receptor., antigens, antibodies, hormones, enzymes. 
5 growth factors, recombinant proteins, toxins, and fragments and combinations thereof. 

69. A method for purifying a target from a heterogeneous mixture containing said 
target comprising the steps of: 

a) bioiinylating said target; 

b) conucting the heterogenous mixture to the streptavidin protein of claim 
10 1,16, 23, 25, 43, 44, 51 or 55 and 

c) purifying the target. 

70. The method of claim 69 wherein the heterogenous mixture comprises biological 

fluid or tissue. 

71. A method for purifying a target from a heterogeneous mixture containing said 

15 t2u^ei comprising the steps of: 

a) coupling said target to the streptavidin protein of claim 1, 16. 23, 25, 43. 

44, 51 or 55; 

b) contacting the heterogenous mixmre to biotin; and 

c) purifying the target. 

20 72. Amethod for deteaing a target in a heterogenous mixture containing said target 

comprising the steps of: 

a) biotinylating the target; 

b) contacting the heterogeneous mixture to the streptavidin protein of claim 
1, 16. 23. 25. 43, 44, 51 or 55; and 

25 c) detecting the target. 
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73. The method of claim 72 wherein the heterogenous mixture is a biological sample. 

74. The method of claim 73 wherein the biological sample is a sample of blood, 
senim, cells, biopsied tissue, soil or water. 

75. The method of claim 72 wherein detection of the target is indicative of a 
S disorder. 

76. The method of claim 75 wherein the disorder is a genetic defect, an infection or 
a neoplasia. 

77. A method for targeting a phannaceutical agent to a neoplastic cell comprising 
administering the phannaceutical agent to a patient, wherein said pharmacratical agent 

10 is coupled to the strqnavidin protein of claim 1, 16, 23, 25, 43, 44, 51 or 55. 

78. The method of claim 77 wherein the nec^lastic cell expresses a biotin. 

79. The method of claim 77 wherein the neoplastic cell is coupled with biotin. 



80. A kit containing the streptavidin protein of claim 1, 16, 23, 25, 43, 44, 51 or 55 
for the detection of a disease. 
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